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LOW PROFILE ELECTRODES FOR AN
ANGIOPLASTY SHOCK WAVE CATHETER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation application of U.S. appli-
cation Ser. No. 13/831,543, entitled LOW PROFILE ELEC-

TRODES FOR AN ANGIOPLASTY SHOCK WAVE
CATHETER, filed Mar. 14, 2013 which claims priority to
U.S. Provisional Patent Application Ser. No. 61/680,033,
filed Aug. 6, 2012, which are hereby incorporated by refer-
ence 1n their entirety and for all purposes.

BACKGROUND

Currently, angioplasty balloons are used to open calcified
lesions 1n the wall of an artery. However, as an angioplasty
balloon 1s inflated to expand the lesion 1n the vascular wall,
the intlation pressure stores a tremendous amount of energy in
the balloon until the calcified lesion breaks or cracks. That
stored energy 1s then released and may stress and injure the
wall of the blood vessel.

Electrohydraulic lithotripsy has been typically used for
breaking calcified deposits or “stones™ 1n the urinary or bil-
1ary track. Recent work by the assignee shows that lithotripsy
clectrodes may similarly be useful for breaking calcified
plaques 1n the wall of a vascular structure. Shockwaves gen-
erated by lithotripsy electrodes may be used to controllably
fracture a calcified lesion to help prevent sudden stress and
ijury to the vessel or valve wall when it 1s dilated using a
balloon. A method and system for treating stenotic or calci-
fied vessels 1s described 1n co-pending U.S. application Ser.
No. 12/482,995, filed Jun. 11, 2009. A method and system for
treating stenotic or calcified aortic valves 1s described in
co-pending U.S. application Ser. No. 13/534,658, filed Jun.
2’7, 2012. As described i those applications, a balloon 1s
placed adjacent leatlets of a valve to be treated and 1s 1nflat-
able with a liquid. Within the balloon 1s a shock wave gen-
erator that produces shock waves that propagate through the
liquid and 1mpinge upon the valve. The impinging shock
waves soften, break and/or loosen the calcified regions for
removal or displacement to open the valve or enlarge the
valve opening. Additional improved lithotripsy or shockwave
clectrodes that can readily access and treat various locations
in the vasculature for angioplasty and/or valvuloplasty pro-
cedures may be desirable.

BRIEF SUMMARY

Described herein are low-profile electrodes for use with an
angioplasty shockwave catheter. A low-profile electrode
assembly may have an inner electrode, an 1nsulating layer
disposed over the inner electrode such that an opening in the
insulating layer 1s aligned with the nner electrode, and an
outer electrode disposed over the insulating sheath such that
an opening in the outer electrode 1s coaxially aligned with the
opening in the insulating layer. This layered configuration
allows for the generation of shockwaves that mitiate and/or
propagate outward from a side of the catheter. In some varia-
tions, the electrode assembly may have at least a second inner
clectrode, and the msulating layer and outer electrode may
cach have at least a second opening that are coaxially aligned
with the second 1nner electrode. An angioplasty shockwave
catheter may have a plurality of such low-profile electrode
assemblies along its length to break up calcified plaques
along a length of a vessel.
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2

One variation of a device for generating shockwaves may
comprise an axially extending catheter, a balloon surrounding
a portion of the catheter, said balloon being fillable with a
conductive fluid, an sulating layer wrapped around a por-
tion of the catheter within the balloon, the insulating layer
having a first aperture therein, a first inner electrode carried
within the catheter and aligned with the first aperture of the
insulating layer, and an outer electrode mounted on the 1nsu-
lating layer and having a first aperture coaxially aligned with
the first aperture 1n the 1nsulating layer and arranged so that
when the balloon 1s filled with flmd and a voltage 1s applied
across the electrodes, a first shockwave will be in1tiated from
a first side location of the catheter. The 1nsulating layer may
be an insulating sheath and the outer electrode may be 1n the
form of a sheath that 1s circumierentially mounted around the
insulating sheath. The size of the first aperture 1n the outer
clectrode may be larger than the si1ze of'the first aperture 1n the
insulating sheath. The device may further comprise a {first
wire and a second wire, where the first and second wires
extend along the length of the catheter, and where the first
wire may be connected to the first inner electrode, and the
second wire may be connected to the outer electrode. In some
variations, the catheter may have first and second grooves that
extend along the length of the catheter, and the first wire 1s
slidably disposed within the first groove and the second wire
1s slidably disposed within the second groove. For example, a
length of the first and second wires may be partially secured
within the first and second grooves. The first inner electrode
and the outer electrode may be crimped over an electrically
conductive portion of the first and second wires, respectively.
In some variations, the first inner electrode may be a hypotube
that 1s crimped over the first wire.

In some variations of a device for generating shockwave,
the insulating sheath may have a second aperture circumier-
entially opposite the first aperture 1n the insulating sheath and
the device may further comprise a second inner electrode
aligned with the second aperture in the insulating sheath and
the outer electrode sheath may have a second aperture coaxi-
ally aligned with the second aperture in the insulating sheath
and arranged so that when the balloon 1s filled with a fluid and
a voltage 1s applied across the second inner electrode and the
outer electrode, a second shockwave will be 1nitiated from a
second side location of the catheter that 1s opposite to the first
side location. In some variations, the device may comprise a
first wire, a second wire, and a third wire, where the first,
second and third wires that extend along the length of the
catheter, where the first wire 1s connected to the first inner
electrode, the second wire 1s connected to the outer electrode,
and the third wire 1s connected to the second mner electrode.
The catheter may have first, second and third grooves that
extend along the length of the catheter, and the first wire may
be slidably disposed within the first groove, the second wire
may be slidably disposed within the second groove, and the
third wire may be slidably disposed within the third groove.
The first inner electrode and the second 1nner electrode may
be crimped over an electrically conductive portion of the first
and third wires, respectively. The first inner electrode and the
second 1nner electrode may be first and second hypotubes that
are each crimped over the first and third wires, respectively. In
some variations, the surface of the first and second crimped
hypotubes each circumierentially spans a portion of the elon-
gate member. For example, the first and second crimped
hypotubes may each circumierentially span at least Vs of the
way around the circumierence of the elongate member.

Optionally, the insulating sheath may have a third aperture
circumierentially 90 degrees from the first aperture 1n the
insulating sheath and may further comprise a third inner
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clectrode aligned with the third aperture in the insulating
sheath. The outer electrode sheath may have a third aperture
coaxially aligned with the third aperture in the insulating
sheath and arranged so that when the balloon 1s filled with a
fluid and a voltage 1s applied across the third inner electrode
and the outer electrode, a third shockwave will be 1nitiated
from a third side location that 1s 90 degrees offset from the
first side location. In some variations, the insulating sheath
may have a fourth aperture circumierentially opposite the
third aperture in the insulating sheath and the device may
turther comprise a fourth inner electrode aligned with the
fourth aperture 1n the mnsulating sheath. The outer electrode
sheath may have a fourth aperture coaxially aligned with the
fourth aperture 1n the insulating sheath and arranged so that
when the balloon 1s filled with a fluid and a voltage 1s applied
across the fourth inner electrode and the outer electrode, a
tourth shockwave will be imtiated from a fourth side location
that 1s opposite to the third side location.

Another variation of a device for generating shockwaves
may comprise an axially extending catheter, a balloon sur-
rounding a portion of the catheter, the balloon being fillable
with a conductive fluid, a first inner electrode mounted on the
side of the catheter, an insulating layer having an aperture
disposed over the first inner electrode such that the aperture 1s
coaxially aligned with the first inner electrode, and an outer
clectrode having an aperture disposed over insulating layer
such that the outer electrode aperture 1s coaxially aligned with
the insulating layer aperture. In some variations, the first inner
clectrode, insulating layer and outer electrode do not protrude
more than 0.015 inch from the outer surface of the catheter.
The device may further comprise a second 1nner electrode
mounted on the side of the catheter at a location that 1s
circumierentially opposite to the first inner electrode, where
the 1nsulating layer may have a second aperture coaxially
aligned with the second inner electrode and the outer elec-
trode may have a second aperture that 1s coaxially aligned
with the second aperture of the insulating layer.

One variation of a system for generating shockwaves may
comprise an axially extending catheter, a balloon surrounding
a portion ol the catheter, the balloon being fillable with a
conductive fluid, a first electrode assembly at a first location
along the length of the catheter, the first electrode assembly
comprising a first inner electrode, a second nner electrode,
and an outer electrode and configured to 1nitiate shockwaves
at two circumierentially opposite locations, a second elec-
trode assembly at a second location along the length of the
catheter, the second electrode assembly comprising a {first
inner electrode, a second 1nner electrode, and an outer elec-
trode and configured to mitiate shockwaves at two circumier-
entially opposite locations, a third electrode assembly at a
third location along the length of the catheter, the third elec-
trode assembly comprising a first mner electrode, a second
inner electrode, and an outer electrode and configured to
initiate shockwaves at two circumierentially opposite loca-
tions, a fourth electrode assembly at a fourth location along,
the length of the catheter, the fourth electrode assembly com-
prising a first inner electrode, a second 1nner electrode, and an
outer electrode and configured to imitiate shockwaves at two
circumierentially opposite locations, a {ifth electrode assem-
bly at a fifth location along the length of the catheter, the fifth
clectrode assembly comprising a first inner electrode, a sec-
ond 1nner electrode, and an outer electrode and configured to
initiate shockwaves at two circumierentially opposite loca-
tions, and a voltage pulse generator, where the channels of the
voltage pulse generator are connected to one or more of the
electrode assemblies. In some variations, the first inner elec-
trode of the first electrode assembly may be connected is a
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first output of the voltage pulse generator, the second 1nner
clectrode of the first electrode assembly may be connected to

the first mnner electrode of the second electrode assembly, the
first 1nner electrode of the third electrode assembly may be
connected to a second output of the voltage pulse generator,
the second inner electrode of the third electrode assembly
may be connected to a third output of the voltage pulse gen-
erator, the first inner electrode of the fourth electrode assem-
bly may be connected to a fourth output of the voltage pulse
generator, the second 1nner electrode of the fourth electrode
assembly may be connected to the first inner electrode of the
fifth electrode assembly, and the second inner electrode of the
second electrode assembly, the outer electrode of the third
clectrode assembly, and the second inner electrode of the fifth
clectrode assembly may all be connected to a fifth output of
the voltage pulse generator.

Another vanation of a device for generating shockwaves
may comprise an elongate member, a first electrode assembly
located along the side of the elongate member at a first lon-
gitudinal location, where the first electrode assembly 1s con-
figured to mitiate shockwaves at a first side location on the
clongate member, a second electrode assembly circumieren-
tially opposite the first electrode assembly, where the second
clectrode assembly 1s configured to 1nitiate shockwaves at a
second side location that 1s circumierentially opposite the
first side location of the elongate member, and a balloon
surrounding a portion of the elongate member, the balloon
being fillable with a conductive fluid.

Another variation of a system for generating shockwaves
may comprise a high voltage pulse generator having a plural-
ity ol high voltage output channels, a catheter, a plurality of
shockwave sources located along a length of the catheter,
where the number of high voltage output channels driving the
plurality of shockwave sources 1s less than the number of
shockwave sources, and a balloon surrounding the length of
the catheter that has the shockwave sources, the balloon being
fillable with a conductive fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a shockwave angioplasty device developed
by the assignee.

FIG. 2 1s a cross-sectional view of a low-profile electrode.

FIGS. 3A-3E schematically depicts the assembly of
another variation of a low-profile electrode.

FIG. 4 depicts one variation of a shockwave angioplasty
device.

FIG. 5A depicts another variation of a shockwave angio-
plasty device.

FIGS. 3B and 5C are perspective views of a plurality of
low-profile shockwave electrode assemblies that may be used
in a shockwave angioplasty device.

FIGS. 5D and 5E are perspective and side views of a
proximal hub of a shockwave angioplasty device.

FIG. 5F 1s a side view of a high-voltage connector of a
shockwave angioplasty device.

FIG. 6 A depicts a top view of one variation of a low-profile
shockwave electrode assembly and one variation of an inner
clectrode.

FIGS. 6B and 6C depict various views of one variation of
an outer electrode sheath of a shockwave electrode assembly.

FIG. 6D depicts one variation of an insulating sheath of a
shockwave electrode assembly.

FIGS. 6E-6G depict other vanations of an outer electrode
sheath and 1nsulating sheath.

FIG. 6H depicts another variation of an inner electrode of
a shockwave electrode assembly.
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FIGS. 7A-7D depict one method of assembling a low-
profile shockwave electrode assembly.

FIG. 8A depicts a side view of a catheter of a shockwave
device.

FIG. 8B 1s a cross-sectional view of the catheter of FIG.
8A.

FIG. 9 1s a cross-sectional view depicting the connectivity
between a grooved wire and an outer electrode sheath of a
shockwave electrode assembly.

FIG. 10A schematically depicts a shockwave electrode
assembly having two inner electrodes that are in a direct
connect configuration.

FIGS. 10B-10D depict the connectivity between the inner
clectrodes and outer electrodes to attain the configuration of
FIG. 10A.

FIG. 11A schematically depicts a shockwave electrode
assembly configured in series.

FIGS. 11B-11D depict the connectivity between the inner
clectrodes and outer electrodes to attain the configuration of
FIG. 11A.

FIG. 12A schematically depicts two shockwave electrode
assemblies that are 1n a direct connect configuration.

FIGS. 12B and 12C depict the connectivity between the
inner electrodes and outer electrodes to attain the configura-
tion of FIG. 12A.

FIG. 13 A schematically depicts two shockwave electrode
assemblies configured 1n series.

FIGS. 13B-13D depict the connectivity between the inner
clectrodes and outer electrodes to attain the configuration of
FIG. 13A.

FIG. 14A schematically depicts the connectivity of five
shockwave electrode assemblies.

FIGS. 14B-14G depict the connectivity between the inner
clectrodes and outer electrodes and intermediate nodes (e.g.,
a distal marker band) to attain the configuration of FIG. 14A.

DETAILED DESCRIPTION

Described herein are devices and systems that comprise
one or more low-profile lithotripsy or shockwave electrodes
that may be suitable for use in angioplasty and/or valvulo-
plasty procedures. Lithotripsy or shockwave electrodes may
be sealed within an angioplasty or valvuloplasty balloon that
1s 1nflated with a fluid (e.g., saline and/or 1maging contrast
agent). A shockwave electrode may be attached to a source of
high voltage pulses, ranging from 100 to 10,000 volts for
various pulse durations. This may generate a gas bubble at the
surface of the electrode causing a plasma arc of electric cur-
rent to traverse the bubble and create a rapidly expanding and
collapsing bubble, which 1n turn creates a mechanical shock-
wave 1n the balloon. Shockwaves may be mechanically con-
ducted through the fluid and through the balloon to apply
mechanical force or pressure to break apart any calcified
plaques on, or in, the vasculature walls. The size, rate of
expansion and collapse of the bubble (and therefore, the mag-
nitude, duration, and distribution of the mechanical force)
may vary based on the magnitude and duration of the voltage
pulse, as well as the distance between a shockwave electrode
and the return electrode. Shockwave electrodes may be made
of materials that can withstand high voltage levels and intense
mechanical forces (e.g., about 1000-2000 ps1 or 20-200 ATM
in a few microseconds) that are generated during use. For
example, shockwave electrodes may be made of stainless
steel, tungsten, nickel, iron, steel, and the like.

Traditional coaxial shockwave electrodes may be suitable
for use 1 an angioplasty or valvuloplasty balloon, however,
when paired in conjunction with a catheter having a guide
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wire lumen, the crossing profile (1.e., cross-sectional area)
may be too large to navigate through and access certain
regions of the vasculature. FIG. 1 depicting an example of a
shockwave assembly 100 comprising a balloon 106, a coaxial
clectrode 102 attached in parallel with a catheter 104. For
example, a coaxial electrode 102 may have a cross-sectional
diameter of about 0.025 inch to about 0.065 inch, and a
catheter 104 may have a cross-sectional diameter of about
0.035 inch, which would result in the assembly 100 having a
total cross-sectional diameter of atleast about 0.06 inch. Such
a large crossing profile may limit the ability of the shockwave
system to treat tortuous vascular areas and also limit the
number of patients that may be treated. Described herein are
low-profile shockwave electrodes that may be located along
the outer surface of an elongate member (such as a catheter
having a guide wire lumen) that do not protrude more than
0.013 inch from the outer surface of the elongate member. For
example, the low-profile shockwave electrodes described
below may increase the crossing-profile of the elongate mem-
ber by only about 0.005 inch to about 0.015 inch, thereby
minimally affecting the ability of the elongate member to
access and treat target vascular tissue.

Also described herein are shockwave devices with a plu-
rality of electrodes along the side of an elongate member that
are sealably enclosed 1n a balloon (1.e., sealed 1n an enclosed
balloon). Since the magnitude, duration and distribution of
the mechanical force impinging on a portion of tissue
depends at least 1n part on the location and distance between
the shockwave source and the tissue portion, a shockwave
device having multiple shockwave electrodes at various loca-
tions along the length of the elongate member may help to
provide consistent or uniform mechanical force to a region of
tissue. The plurality of electrodes may be distributed across
the device (e.g., along a longitudinal length of the elongate
member) to minimize the distance between the shockwave
source(s) and the tissue location being treated. For example,
a calcified region of a vein or artery may extend over some
longitudinal distance of the vein or artery, and a point source
shockwave electrode would not be effective across the full
extent of the calcified region because of the varying distance
from the shockwave source to the various portions of the
calcified region. Described herein are shockwave devices that
comprise a plurality of low-profile shockwave electrodes
located along a longitudinal length of an elongate member to
distribute shockwaves across a length of calcified plaque. The
low-profile shockwave electrodes may be located along the
circumierence of an elongate member. The elongate member
may also be sized and shaped to distribute shockwave forces
to a non-linear anatomical region. For example, the elongate
member may be curved, having a radius of curvature that
approximates the radius of curvature of a valve (e.g., an aortic
valve). A shockwave device with a curved elongate member
may be suitable for applying shockwaves to break calcified
plaques 1n the vicimity of a valve and/or valve leatlets as part
of a valvuloplasty procedure.

One variation of a low-profile shockwave electrode assem-
bly may comprise a first electrode, a second electrode stacked
over the first electrode, and an 1nsulating layer between them.
Stacking the second electrode over the first electrode may
form a layered electrode assembly that may be formed on the
side of a catheter without substantially increasing the cross-
sectional profile of the catheter. A stacked or layered elec-
trode assembly located on the side of a catheter may also be
able to generate shockwaves that propagate from the side of
the catheter without perpendicularly protruding from the
catheter (which would increase the cross-sectional profile of
the catheter). The insulating layer may have a first opening,
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and the second electrode may have a second opening that 1s
coaxially aligned with the first opening. Coaxial alignment
between the first opening in the insulating layer and the sec-
ond opening in the second electrode may comprise aligning
the center of each of the openings along the same axis. The
opening in the msulating layer and the opeming 1n the second
clectrode may be concentric, such that the center of the 1nsu-
lating layer opening 1s aligned with the center of the second
clectrode opening. In some variations, a shockwave device
may comprise an elongate member (such as a catheter) and a
shockwave electrode assembly having a first electrode that 1s
substantially co-planar with the outer surface of the elongate
member. For example, the first electrode may be a pronged
clectrode that 1s mserted into the elongate member and con-
nected to a high voltage source via wires within the elongate
member. Alternatively, the first electrode may be a hypotube
Crlmped to an electrically conductive portion of a wire, where
the wire 1s located within a longltudmal channel or groove of
the elongate member. The wire may have one or more elec-
trically insulated portions and one or more electrically con-
ductive portions, where the conductive portions may align
with a first opening of the insulating layer and a second
opening of the second electrode. The msulating layer may be
a sheet or sheath that wraps at least partially around the
circumierence of the elongate member and overlaps the first
clectrode. The msulating layer may overlap the first electrode
such that the first electrode 1s electrically 1solated from the
environment external to the elongate member but for the
opening 1n the insulating layer. The second electrode may be
a ring, sheet, or sheath having a second opening that stacks
and/or overlaps with the imnsulating layer such that the second
opening 1s coaxially aligned with the first opening of the
insulating layer. The second electrode may be circumieren-
tially wrapped over the insulating layer. Stacking the first
clectrode, nsulating layer, and second electrode along the
outer surface of the elongate member may allow for a shock-
wave electrode assembly to have a low profile with respect to
the elongate member, and coaxmlly aligning the opening of
the insulating layer with the opening of the second electrode
may allow for the generation of shockwaves that propagate
from the side of the elongate member.

One example of a low-profile shockwave electrode assem-
bly 1s depicted m FI1G. 2. FIG. 2 depicts a cut away perspective
view of a low-profile coaxial shockwave electrode assembly
200 that may be located on an elongate member 20 (e.g., a
catheter) and enclosed 1n a balloon (e.g., an angioplasty or
valvuloplasty balloon). The electrode assembly 200 may
comprise a first electrode 1, an msulating layer 2 overlaying
the first electrode, and a second electrode 3. The first elec-
trode 1 may be a positive electrode and the second electrode
3 may be a negative electrode (or vice versa). The elongate
member 20 may have a guide wire lumen extending along a
length of its longitudinal axis. The first electrode 1 may have
a thickness from about 0.001 inch to about 0.01 inch, e.g.,
0.002 1inch, and may be attached along the outer surface of the
clongate member 20. The insulating layer 2 may be made of
any material with a high breakdown voltage, such as Kapton,
ceramic, polyimide or Teflon. The insulating layer 2 may be
about 0.001 inch to about 0.006 inch, e.g., 0.0015 1inch,
0.0025 1nch, and may have an opening 7 that 1s aligned over
the first electrode 1. Although the second electrode 3 1s
depicted as having a ring shape, 1t should be understood that
the second electrode may be a planar sheet or layer. The
second electrode 3 may have a central opening 8 and stacked
over the insulating layer 2 such that the second electrode
opening 8 1s coaxially aligned with the msulating layer open-
ing 7. The openings 7, 8 may be 1n the shape of a circle, oval,
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cllipse, rectangular, or any desired shape. The second elec-
trode 3 may have a thickness from about 0.001 inch to about
0.015 inch, e.g., 0.0025 1nch, 0.004 inch. The total thickness
ol the shockwave electrode assembly 200 may be from about
0.002 inch to about 0.03 inch e.g., 0.005 1nch, 0.00°7 inch,
0.008 1nch. Layering and stacking the first electrode, isulat-
ing layer and second electrode as depicted in FI1G. 2 maintains
a substantially flat profile against the outer surface of the
clongate member, while maintaining a coaxial electrode con-
figuration for etficient shockwave production. That 1s, such a
configuration may be electrically similar to a traditional
coaxial lithotripsy assembly having an inner electrode and an
outer electrode surrounding the 1inner electrode, but without
substantially increasing the crossing profile of the elongate
member. For example, electrode assembly 200 may have a
small enough thickness such that 1t does not extend more than
0.0135 1nch from the outer diameter of the elongate member
20. By applying a high voltage pulse between first electrode 1
and second electrode 3 1n a fluid filled balloon that encloses
the shockwave electrode assembly, an electrohydraulic
shockwave can be generated that propagates outward from
the side of the elongate member 20. The gap that the current
must cross may be at least partially determined by the size and
location of the opening 7 1n the mnsulating layer 2 and the size
and location of the opening 8 1n the second electrode 3. For
example, the openmg 7 1n the msulating layer may be larger
than the opening 8 in the second electrode. The opening 7 in
the insulating layer may have a diameter from about 0.004
inch to about 0.010 inch, e.g., about 0.008 inch, and the
opening 8 in the second electrode may have a diameter from
about 0.010 inch to about 0.02 1nch, e.g., about 0.012 1nch,
0.016 1nch, 0.018 inch. The ratio of the diameters between the
openings 7, 8 may be varied to adjust the force and duration of
the generated shockwave. In some vanations, the ratio
between the diameter of the opening 7 1n the isulating layer
and the diameter of the opening 8 in the second electrode may
be about 0.5, e.g., 0.56. In some variations, the gap between
the openings 7, 8 may be related to the thickness of the
insulating layer. For example, the gap between the openings
may be 0.5*(diameter of opening 8—diameter of opening
7)+thickness of the msulating layer 2. The desired gap size
may vary according to the magnitude of the high voltage
pulse applied to the first electrode 1. For example, a gap of
about 0.004 inch to about 0.006 inch may be effective for
shockwave generation using voltage pulses of about 3,000V,

Another varniation of a layered or stacked shockwave elec-
trode assembly may comprise an mner electrode located
along or recessed within the outer surface of an elongate
member, an msulating layer or sheath that circumferentially
wraps the elongate member, and an outer electrode that cir-
cumierentially wraps around the elongate member and over
the msulating sheath. For example, the first electrode may be
pressed 1nto the outer surface of the elongate member, and
attached to the elongate member by an adhesive (e.g., a con-
ductive adhesive such as conductive epoxy), crimping, weld-
ing, and/or pinching. FIGS. 3A-3E depict one variation of a
low profile shockwave device 300 comprising an elongate
member 320, an 1nner electrode 306 pressed into and/or
recessed within the outer wall of the elongate member 320, an
insulating layer 302 disposed over the first electrode 306 such
that a first opening 307a 1n the msulating layer 1s located over
the first electrode, and an outer electrode 308 disposed over
the msulating layer 302 such that a first opening 317a 1n the
outer electrode 1s coaxially aligned with the first opening
307a 1n the msulating layer. The msulating layer 302 and the
outer electrode 308 may each be in the form of a sheath or
band, where the insulating sheath may be placed and/or
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wrapped over the inner electrode and the second electrode
sheath may be placed and/or Wrapped over the insulating
sheath such that the openings 1n the sulating sheath and
outer electrode sheath are coaxially aligned. In some varia-
tions, the openings 1n the insulating sheath and outer elec-
trode sheath are circular and are coaxially aligned such that
the centers of the opemings are aligned along the same axis
and/or concentric. The insulating layer, outer electrode, and
second 1nner electrode may be stacked such that the center of
the first opening in the msulating layer, the center of the first
opening in the outer electrode, and the first inner electrode are
aligned on the same axis. The elongate member may com-
prise a longitudinal lumen 304 along at least a portion of its
length, where the lumen 304 may be configured for passing
various 1nstruments and/or a guide wire therethrough. In
some variations, the elongate member may be a catheter with
a guide wire lumen. The elongate member may also comprise
one or more conductors that may extend along the length of
the elongate member to connect the inner and/or outer elec-
trode to a high voltage pulse generator. For example, the
clongate member may comprise a first wire 303 and a second
wire 310 that may be extruded within the walls of the elongate
member 320, as depicted 1n FIG. 3B. Alternatively, the wires
could be located 1n additional longitudinal lumens of the
clongate member and/or be located 1n longitudinal grooves
along the outer surface of the elongate member. The wires 305
and 310 may be surrounded by the insulating material of the
clongate member and are therefore electrically insulated from
cach other. Alternatively or additionally, the wires may each
have 1nsulating sleeves that wrap around them. The conduc-
tive portion of the wires may be exposed at certain locations
along 1ts length to contact the inner and outer electrodes. The
wires may contact the inner and outer electrodes by soldering,
crimping, stapling, pinching, welding, conductive adhesive
(c.g., using conductive epoxy), and the like, as further
described below. In some vanations, the inner electrode may
be a hypotube that 1s crimped to the wire. The connectivity
between the conductors and the inner and outer electrodes
may be such that the imner electrode 1s the positive terminal
and the outer electrode 1s the negative terminal (or vice versa).
Such a configuration may allow a shockwave generated
between the inner and outer electrodes to propagate outward
from the side of the elongate member.

Optionally, a shockwave device may have more than one
low-profile electrode assembly along the side of the elongate
member. In some variations, a first electrode assembly may be
located along a side of the elongate member while a second
clectrode assembly may be located on the opposite side of the
clongate member (1.e., 180 degrees from each other). For
example and as depicted in FIGS. 3A-3E, the shockwave
device 300 may comprise a second inner electrode 330
pressed mto and/or recessed within the outer wall of the
clongate member 320, opposite the first electrode 306. The
clongate member may further comprise a third wire 309 to
connect the second 1inner electrode 330 to a high voltage pulse
generator. The insulating layer 302 and the outer electrode
may each have an additional opening 3075, 317b (respec-
tively) that are coaxially aligned with each other and with the
second 1nner electrode 330. The 1nsulating layer, outer elec-
trode, and second 1nner electrode may be stacked such that the
center of the second opening 1n the insulating layer, the center
of the second opening in the outer electrode, and the second
inner electrode are aligned on the same axis. The {first elec-
trode assembly 340 may comprise the first inner electrode
306, the mnsulating layer 302 with the first opening 307a
aligned over the first inner electrode, and the outer electrode
308 with the first opening 317a coaxially aligned with the first
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opening 307a of the mnsulating layer. The second electrode
assembly 350 may comprise the second 1nner electrode 330,
the insulating layer 302 with the second opening 3075 aligned
over the second 1nner electrode, and the outer electrode 308
with the second opening 3176 coaxially aligned with the
second opening 3075 of the msulating layer. By sharing the
same insulating layer 320, the first coaxial electrode assembly
and the second coaxial electrode assembly may be located at
the same longitudinal position along the elongate member. A
shockwave device comprising two or more low-profile elec-
trode assemblies located at the same longitudinal position
may allow for shockwaves to propagate outward from the
clongate member with various angular spread (e.g., up to 360
degree angular spread). For example, a first shockwave gen-
crated by the first electrode assembly may propagate outward
with an angular spread of about 180 degrees around the elon-
gate member and a second shockwave generated by the sec-
ond electrode assembly located opposite the first electrode
assembly (e.g., 180 degrees from the first electrode assembly)
may propagate outward with an angular spread of about 180
degrees around the other side of elongate member, for a
cumulative spread of 360 degrees around the elongate mem-
ber. In other vanations, a shockwave device may comprise
three or more electrode assemblies, where the three or more
clectrode assemblies may also be located at the same longi-
tudinal location, but located at different circumierential loca-
tions. For example, there may be an additional third electrode
and fourth inner electrode around the circumierence of the
clongate member. The 1nsulating layer may have additional
openings aligned over the additional third and fourth 1mnner
clectrodes, and the outer electrode may have additional open-
ings aligned over the openings of the insulating layer. The
third and fourth electrode assemblies formed by the third and
fourth 1nner electrodes and the additional opemings in the
insulating layer and outer electrode may allow for the gen-
eration of four shockwaves from the same longitudinal loca-
tion along the elongate member. For example, the first, sec-
ond, third and fourth electrode assemblies may be at the same
position along the length of the elongate member, but be
circumierentially distributed around the elongate member 90
degrees apart from each other (1.e., the first electrode assem-
bly may be at position 0 degrees, the second electrode assem-
bly may be a position 180 degrees, the third electrode assem-
bly may be at position 90 degrees, and the fourth electrode
assembly may be at 270 degrees). This may give rise to four
shockwaves that propagate outward, each fanning out with an
angular spread of about 90 degrees. The assembly of a shock-
wave device with two low-profile electrode assemblies at the
same position along the length of the elongate member 1s
described below, but it should be understood that similar
methods may be used to assemble shockwave devices with
three or more low-profile electrode assemblies at the same
longitudinal position along the length of the elongate mem-
ber.

As depicted 1n FIG. 3B, the first mnner and second 1nner
clectrodes 306, 330 may be pronged electrodes 306a, 330q
and may be shaped to be pressed into the wall of the insulating
maternal of the elongate member. Electrical contact between
the first inner and second inner electrodes and the first and
third wires may be attained via finger extensions of the
pronged electrodes. The pronged electrodes 3064, 330aq may
have finger extensions 30656, 3305 that pinch the ﬁrst and third
wires 305, 309 (respectively) in the wedge of the fingers. The
pronged electrodes may also be electrically connected to the
wires by any suitable method, for example, soldering, crimp-
ing, welding, conductive adhesives (e.g., using conductive
epoxies), pressure fit, interference fit, etc. F1G. 3C depicts the
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first inner and second 1nner electrode pressed into the side of
the elongate member such that the first inner electrode and
second 1nner electrode make electrical contact with the first
and third wires within the elongate member. The pronged
clectrodes 306a, 330a may form the first layer of a stacked
low-profile shockwave electrode assembly (e.g., similar to
the layered or stacked configuration of the electrode assembly
depicted 1n FIG. 2). The pronged electrodes may comprise
tungsten, stainless steel, platinum iridium, nickel, iron, steel,
and/or other electrically conductive material.

The insulating sheath 302 may circumierentially wrap
around the elongate member 320 such that 1t overlaps with
and overlays the first inner electrode and second 1nner elec-
trode, as depicted 1n FIG. 3D. The insulating sheath 302 may
overlap and stack on top of the first inner electrode and second
inner electrode 306 and 330 such that the first opening 3074 1s
coaxially aligned with the first inner electrode and the second
opening 3075 1s aligned with the second 1nner electrode. The
insulating sheath 302 may be made of any material that has a
high breakdown voltage, such as Kapton, polyimide, ceramic,
Tetlon, or any combination of such maternials. The msulating
sheath 302 may be placed over the elongate member by
sliding 1t from one end of the elongate member to the desired
location. The insulating sheath 302 may be secured in the
desired location by friction fit, adhesive, welding, crimping,
or any other suitable method.

The outer electrode 308 may be a sheath or band that may
be configured to stack on top of and/or wrap over the msulat-
ing layer 302, as shown in FIG. 3E. The outer electrode 308
may have an extension 319 with pointed fingers 318 config-
ured to penetrate the elongate member to contact the second
wire 310 (e.g., by crimping the fingers 318 so that the fingers
are pressed into and on the wire 310). The outer electrode 308
may be a metallic sheath or band that may wrap or enclose the
clongate member. The outer electrode 308 may be positioned
such that the first opening 317a 1s coaxially aligned with the
first opening 307a of the insulating sheath 302 and the second
opening 317H 1s coaxially aligned with the second opening
30756 of the msulating sheath. In some variations, the outer
clectrode 308 may be slid over one end of the elongate mem-
ber and moved longitudinally 1nto the desired position, after
which 1t may be secured by friction fit, conductive adhesive
(e.g., using conductive epoxy), welding, soldering, crimping,
or any other suitable method. The outer electrode 308 may be
made of copper, stainless steel, platinum/iridium or other
clectrically conductive materials.

As described above, the first inner electrode may be con-
nected to the first wire 303 and the second inner electrode may
be connected to the third wire 309. In some variations, the
high voltage pulse generator may drive the first wire 305 and
third wire 309 together or independently. For example, the
pulse generator may apply voltage pulses simultaneously to
both wires, and/or may apply voltage pulses sequentially
(e.g., a voltage pulse 1s applied to the first wire without apply-
ing a pulse to the third wire, or vice versa). The voltage pulses
applied to the third wire may be delayed with respect to the
voltage pulses applied to the first wire. In some variations, a
multiplexor may be used with the high voltage pulse genera-
tor to control application of pulses between the first and third
wires. This may allow shockwaves with different frequency,
magnitude, and timing to be generated on either side of the
clongate member. For example, in some procedures 1t may be
desirable to apply shockwaves on one side of the elongate
member but not on the other side (e.g., in an angioplasty
procedure where there 1s a calcified lesion 1n one portion of
the vessel but not 1n other portions of the vessel). The first,
second, and third wires may be directly connected to a high
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voltage pulse generator, or may first connect to a connector
that 1s then plugged into the high voltage pulse generator.

One example of a shockwave device comprising one or
more of the low-profile electrode assemblies described above
1s depicted 1 FIG. 4. The shockwave device depicted there
may be suitable for use 1 an angioplasty or valvuloplasty
procedure. Shockwave device 400 may comprise a catheter
402, a first low-profile coaxial electrode assembly 404, a
second low-profile coaxial electrode assembly 406 (not vis-
ible 1n this view), and a balloon 408 enclosing the portion of
the elongate member where the first and second electrode
assemblies are located. The balloon may be made of an elec-
trically insulating material that may be rigid (e.g., PET, etc.),
semi-rigid (e.g., PBAX, nylon, PEBA, polyethylene, etc.), or
flexible (e.g., polyurethane, silicone, etc.). The first and sec-
ond electrode assemblies may be located radially across from
cach other such that the shockwaves they each generate
propagate 1n opposite directions. The shockwaves generated
by each of the electrode assemblies may propagate outward,
with an angular spread of 180 degrees. The inner electrodes of
cach of the electrode assemblies may be connected to con-
ductors within the catheter 402, which may be connect to a
high voltage pulse generator. In some variations, the high
voltage pulse generator may be a 2 kV to 6 kV, e.g., 3 kV,
pulsed power supply. The inner electrode of the first electrode
assembly may be connected to a first positive lead of the pulse
generator while the 1mner electrode of the second electrode
assembly may be connected to a second positive lead of the
pulse generator. The outer electrode may be connected to a
negative lead of the pulse generator, or to ground. The first
and second positive leads of the pulse generator may be
pulsed simultaneously or separately, and may be controlled
together or separately controlled (e.g. using a multiplexor), as
described previously.

Additional low-profile shockwave electrode assemblies
may alternatively or additionally be located along a plurality
of locations along the length of the elongate member. For
example, the low-profile coaxial shockwave electrode assem-
blies described above may be linearly arranged along the
longitudinal length of the elongate member. Additional varia-
tions of shockwave devices with a plurality of electrode
assemblies are described below.

One example of a shockwave device which may be config-
ured for shockwave angioplasty 1s depicted 1in FIG. SA-SF.
Shockwave angioplasty system 520 may comprise a catheter
522, a proximal hub 524, one or more shockwave electrode
assemblies 526 at a distal portion of the catheter, a high-
voltage connector 530 for connecting the shockwave assem-
blies to a pulse generator, and an angioplasty balloon 528
configured to be inflated with a fluid. A proximal portion of
the wires from the shockwave assemblies may form a cable
576 that may be enclosed in a jacket. The cable may extend
from a lumen of the proximal hub 524 and connect to the
high-voltage connector 530. Pins within the high-voltage
connector may connect each of the wires from the shockwave
assemblies to the approprnate channel on a high voltage pulse
generator. Optionally, the system 520 may additional com-
prise a strain relief tube 532 connected to the hub 524. The
catheter 522 may have a gumide wire lumen therethrough.
There may be any number of shockwave electrode assemblies
located at the distal end of the catheter and enclosed by the
balloon. For example, there may be one shockwave electrode,
two shockwave electrode assemblies, four shockwave elec-
trode assemblies, five shockwave electrode assemblies or
more. FIGS. 5B and 5C depict the distal portions of shock-
wave devices with two electrode assemblies and five elec-
trode assemblies. FIG. 5B depicts one variation of a shock-
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wave device 300 comprising an elongate member 502, a first
clectrode assembly 504 at a first location along the length of
the elongate member, a second electrode assembly 506 at a
second location along the length of the elongate member, and
a balloon 508 configured to be filled with a fluid to sealably
enclose the first and second electrode assemblies. The balloon
508 may be made of an electrically insulating material that
may be rigid (e.g., PET, etc.), semi-rigid (e.g., PBAX, nylon,
PEBA, polyethylene, etc.), or flexible (e.g., polyurethane,
silicone, etc.). The first and second electrode assemblies may
be spaced apart along the length of the elongate member, and
may be from about 3 mm to about 20 mm apart from each
other, e.g., about 5 mm, 7 mm, 10 mm. The length of the
balloon may vary depending on the number of electrode
assemblies and the spacing between each of the electrode
assemblies. For example, a balloon for a shockwave device
with two electrode assemblies spaced about 7 mm apart (e.g.,
6.7 mm) may have a length of about 20 mm. A balloon for a
shockwave device with five electrode assemblies spaced
about 10 mm apart may have a length of about 60 mm. The
clectrode assemblies 504, 506 cach comprise two 1nner elec-
trodes that are positioned circumierentially opposite each
other, an msulating sheath with two openings aligned over the
two 1nner electrodes, and an outer electrode sheath with two
openings that are coaxially aligned with the two openings of
the insulating sheath. Each of the electrode assemblies 504,
506 are configured to generate a pair of directed shockwaves,
where the shockwaves resulting from a high voltage pulse to
the first inner electrode propagate 1n a direction that 1s oppo-
site to the direction of the shockwaves resulting from a high
voltage pulse to the second imner electrode. The electrode
assemblies 504, 506 may generate shockwaves that propagate
outward from different locations around the circumierence of
clongate member 502. For example, the electrode assembly
504 may generate shockwaves that propagate from the left
and right longitudinal side of the elongate member, while the
clectrode assembly 506 may generate shockwaves that propa-
gate from the top and bottom longitudinal side of the elongate
member. In some variations, the electrode assembly 504 may
generate a pair of shockwaves that propagate outward from
positions at 0 degrees and 180 degrees around the circumier-
ence of the elongate member 502, while the electrode assem-
bly 506 may generate a pair of shockwaves that propagate
outward from positions at 60 degrees and 240 degrees around
the circumierence of the elongate member. In still other varia-
tions, electrode assemblies 504, 506 may each generate a pair
of shockwaves that propagate outward at the same locations
around the circumierence of the elongate member, but from
different locations along the length of the elongate member.
Optionally, a radiopaque marker bands may be provided
along the length of the elongate member to allow a practitio-
ner to 1dentity the location and/or orientation of the shock-
wave device as 1t 1s inserted through the vasculature of a
patient. For example, there may be a first marker band proxi-
mal to the first electrode assembly and a second marker band
distal to the second electrode assembly. In some vanations,
one or more marker bands may be located proximal to the
proximal-most electrode assembly, and/or distal to the distal-
most electrode assembly, and/or 1n the center of the elongate
member and/or any other location along the length of the
clongate member.

FI1G. 5C depicts another shockwave device 550 comprising,
an clongate member 552, a first electrode assembly 554, a
second electrode assembly 5356, a third electrode assembly
538, a fourth electrode assembly 560, a fiith electrode assem-
bly 562, and a balloon 564 configured to be filled with a tluid
to sealably enclose the first, second, third, fourth, and fifth
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clectrode assemblies. The balloon 564 may be made of an
clectrically insulating material that may be rigid (e.g., PET,
etc.), semi-rigid (e.g., PBAX, nylon, PEBA, polyethylene,
etc.), or tlexible (e.g., polyurethane, silicone, etc.). The elec-
trode assemblies of shockwave device 550 may be similar to
the ones described 1n FIG. 5B, and/or may be similar to any of
the electrodes described herein. The elongate member may be
a catheter with a longitudinal guide wire lumen. Each of the
clectrode assemblies are configured to generate a pair of
shockwaves that propagate in two opposite directions from
the side of the elongate member. The electrode assemblies of
FIG. 5C may be configured to generate shockwaves that
propagate outward from different locations around the cir-
cumierence of elongate member, as described above for FIG.
5B. Although the figures herein may depict shockwave
devices with two or five electrode assemblies, 1t should be
understood that a shockwave device may have any number of
clectrode assemblies, for example, 3,4, 6,7, 8,9, 10, 13, 20,
etc. The electrode assemblies may be spaced apart along the
length of the elongate member, and may be from about 3 mm
to about 10 mm apart from each other, e.g., about 5 mm, 8
mm, 10 mm, etc. depending on the number of electrode
assemblies and the length of the elongate member that i1s
enclosed within the balloon. Shockwave devices with a plu-
rality of electrode assemblies distributed along the length of a
catheter may be suitable for use 1n angioplasty procedures to
break up calcified plaques that may be located along a length
of a vessel. Shockwave devices with a plurality of electrode
assemblies along the length of a curved elongate member may
be suitable for use 1 valvuloplasty procedures to break up
calcified plaques that may be located around the circumfier-
ence of a valve (e.g., at or around the leaflets of a valve). The
clectrode assemblies of FIGS. 5A-5C may be similar to the
clectrode assemblies described above and depicted 1n FIGS.
3A-3E, and/or may be any of the electrode assemblies
described below.

FIGS. 5D and 5E are detailed views of the proximal hub
524. As shown there, proximal hub 524 may comprise a
central shaft 542, a first side shaft 540 and a second side shaft
544 . The first and second side shafts are attached to either side
of the central shaft 542. The central shaft 542 may have a
proximal opening 548 that 1s connected to an inner lumen 543
that extends through the length of the central shaft and termi-
nates at a distal opening 546 that 1s configured to interface
with the strain relief and the catheter 522. The inner lumen
543 may be 1n communication and/or continuous with the
guide wire lumen of the catheter 522. The first side shait 540

may have an opening 547 that 1s connected to an mnner lumen
541, which 1s 1n communication and/or continuous with the
inner lumen 543 of the central shaft 542. The second side
shaft 544 may have an opening 549 that 1s connected to an
inner lumen 545. The inner lumen 545 of the second side shatt
544 may not be connected to the central inner lumen 543. The
inner lumens 541, 543, 545 may each have a wider proximal
region and a narrower distal region, which may act as a stop
for the devices inserted into the shaits. The central shaft 548
and 1ts mner lumen 543 may function as a port for the inser-
tion of a guidewire and/or to deliver an 1maging contrast agent
to the distal end of the catheter 522. The first side shait 540
and 1nner lumen 541 may function as an inflation port for
saline and/or imaging contrast agent. The second side shait
549 and 1nner lumen 345 may function as a port through
which the cable 576 may extend and connect to the high
voltage connector 530 to electrically connect a high voltage
pulse generator to the shockwave electrode assemblies at the
distal end of the catheter. The cable §76 may be bonded to the
connector 330 and/or the hub. In some variations, the proxi-
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mal hub 524 may be made of injection molded polycarbonate.
The length L1 of the central shaft 542 may be from about 2
inches to about 4 inches, e.g., about 2.3 inches or 2.317
inches, while the length L2 of the side shafts 540, 544 may be
from about 1 1inch to about 2 inches, e.g., about 1.4 inches or
1.378 inches. The diameter D1 of the narrowest portion of the
central inner lumen D1 may be from about 0.05 1nch to about
0.1 1nch, e.g., about 0.08 1nch to about 0.082 inch.

FI1G. 5F 1s adetailed view of the high voltage connector 530
that may be inserted through at least one of the ports of the
proximal hub, and configured to connect the shockwave elec-
trode assemblies 526 to a high voltage pulse generator. The
high voltage connector 530 may have a proximal port 570 that
1s configured to connect with a port of a high voltage pulse
generator, a first shaft region 572, and a second shait region
574 that 1s narrower than the first shait region 572 that may
connect to cable 576. The first shaft region 572 may have a
diameter D3 that 1s greater than the diameter of the narrower
portion of an inner lumen of the proximal hub, but smaller
than the diameter of the wider portion of the mnner lumen. The
second shait region 574 distal to the first shaft region may be
configured for strain relief. For example, the cable 576 may
provide connections for both the high voltage pulse(s) and the
return path between the voltage pulse generator and the elec-
trode assemblies. In some variations, the cable may provide
one or more high voltage supply connections to the electrode
assemblies, with one or more return connections. For
example, the cable may provide for a single high voltage
supply connection and a single return connection to the elec-
trode assemblies. Alternatively, the cable may provide for a
plurality of high voltage supply connections (e.g., four) and
one or more return connections to the electrode assemblies.
The proximal port 570 may have a length L3 from about 1.5
inches to about 3 inches, e.g., about 2 inches or 2.059 inches,
and a diameter D2 from about 0.2 1nch to about 1 inch, e.g.,
about 0.7 inch or 0.72 inch. The diameter D3 of the first shaft
region 572 may be from about 0.05 1n to about 0.2 inch, e.g.,
about 0.1 1inch or 0.112 inch.

FIG. 6 A depicts another variation of a low-profile coaxial
shockwave electrode assembly that may be used 1n any of the
shockwave devices described herein. The electrode assembly
600 may comprise a {irst inner electrode 604, an 1nsulating
layer or sheath 606 disposed over the first inner electrode and
circumierentially wrapped around an elongate member 602
(e.g., a catheter with a guidewire lumen), and an outer elec-
trode sheath 608 disposed over the insulating sheath. While
the msulating sheath 1s depicted as tully circumscribing the
clongate member, it should be understood that in other varia-
tions, an isulating layer may not fully circumscribe the elon-
gate member, and may instead be disposed over certain por-
tions of the elongate member. The insulating sheath 606 may
have a first opening 607a that 1s coaxially aligned over the
first inner electrode 604, and the outer electrode sheath 608
may have a first opening 609a that 1s coaxially aligned over
the first opening of the insulating sheath. The electrode
assembly 600 may also comprise a second iner electrode
that 1s circumierentially opposite (or otherwise displaced
from) the first inner electrode (and therefore not depicted 1n
the view shown 1n FIG. 6A). The insulating sheath may have
a second opening 6075 that 1s coaxially aligned over the
second 1nner electrode, and the outer electrode sheath may
have a second opening 6095 that 1s coaxially aligned over the
second opening of the isulating sheath. The first inner elec-
trode coaxial with the first openings 1n the insulating sheath
and the outer electrode sheath may generate a first shockwave
that propagates outwards 1n a first direction and the second
inner electrode coaxial with the second openings in the 1nsu-
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lating sheath and the outer electrode sheath may generate a
second shockwave that propagates outwards in a second
direction that 1s opposite to the first direction. The diameter of
the openings 1n the outer electrode sheath may be larger than
the diameter of the openings in the mnsulating sheath. The size
of and ratio between the diameter of the openings in the outer
clectrode and the openings in the insulating sheath may be
adjusted to attain the desired shockwave characteristics, as
described above. The edges of the openings 1n any of the outer
clectrodes described herein may be electropolished. Alterna-
tively, some variations of an electrode assembly may not have
an isulating sheath or layer disposed over the elongate mem-
ber, but may instead comprise an inner electrode having an
insulating coating directly applied over the inner electrode
(e.g., disposed over the crimped hypotube of the 1nner elec-
trode). The 1nsulating coating may cover the inner electrode
such that a region of the conductive portion of the inner
clectrode 1s exposed, while the rest of the inner electrode 1s
covered by the coating. The opening 1n the outer electrode
sheath may be coaxially aligned with the exposed region of
the iner electrode. The thickness and/or matenial of the 1nsu-
lating coating may be varied depending on the magnitude of
the voltage to be applied on the electrode. Examples of 1insu-
lating coatings may be Teflon, polyimide, etc. Using an 1nsu-
lating coating on the mnner electrode istead of an msulating
layer disposed over the elongate body may further reduce the
crossing profile of the electrode assembly, and may allow for
more bending or a tighter turning radius than an electrode
assembly having an insulating sheath.

The mner electrodes and the outer electrode may each be
connected to a high voltage pulse generator via a plurality of
wires 610 that may be located within a plurality of longitu-
dinal grooves 601 along the outer surface of the elongate
member 602 (e.g., a catheter having a gmdewire lumen) of the
shockwave device. The wires may be electrically insulated
along its length (e.g., by an insulating coating or sheath made
of, for example, polyimide, PEBA, PET, FEP, PTFE, etc.)
except for one or more regions where the electrically conduc-
tive core of the wire 1s exposed to contact a portion of the inner
and/or outer electrode. For example, the insulating coating or
sheath at the distal tip of the wire may be stripped to expose
the conductive portion. The wires may be made of any con-
ductive matenial, for example, free oxygen copper or copper
or silver. The inner electrode 604 may be a hypotube that 1s
crimped over the distal tip of the wire 610, where the wire 610
1s enclosed within one of a plurality of grooves 601 of the
clongate member. The hypotube may be made of stainless
steel, tungsten, a platinum-iridium alloy, or any other material
with similar hardness. In variations of an electrode assembly
without an insulating layer disposed over the elongate mem-
ber, a portion of the hypotube may be coated with an msulat-
ing material as described above. Each groove of the elongate
member may partially enclose a single wire. For example, the
wire 610 may be half enclosed within a groove of the elongate
member, such that half of the wire 1s recessed or embedded
within the groove and half of the wire protrudes outside of the
groove. The wire 610 may be slidably disposed within the
groove. As the elongate member 1s curved or bent (e.g., during
an angioplasty procedure where the elongate member 1s a
catheter that 1s advanced through a patient’s vasculature), the
wire may slide within the groove to accommodate changes in
the radius of curvature as the elongate member bends, thereby
minimally interfering with the flexibility of the elongate
member. Optionally, one or more shrink tubes may be pro-
vided to retain the wire within the groove without impinging
on its ability to move and shift as the elongate member bends
or curves. For example, one or more bands of shrink tubes
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may be located circumierentially around the distal portion of
the elongate member. Alternatively or additionally or option-
ally, dots of epoxy may be applied along a distal length of the
wires to partially secure or retain the wires within the grooves
while still maintaining the ability of the wires to partially
move and shift as the elongate member bends or curves. In
some variations, the wires may slide within the grooves with-
out any retaining elements. Additional details regarding the
longitudinal grooves of the elongate member are provided
below.

FIGS. 6B and 6C depict perspective and side view of the
outer electrode sheath 608. In some variations, the outer
clectrode may be a radiopaque marker band (e.g., marker
band used 1n angioplasty procedures). As depicted there, the
first opening 609a may be located directly across from the
second opening 609b. FIG. 6D depicts a perspective view of
the msulating sheath 606 having a first opening 6074 and a
second opeming 6075 located directed across from the first
opening 607a. As described above, each of these openings
may be coaxially aligned with the openings of the insulating
sheath 606 and first and second inner electrodes to form two
shockwave sources capable of generating two shockwaves
that propagate outward from the side of the elongate member
in two opposite directions. FIGS. 6E and 6F depict another
variation of an outer electrode sheath 620 that comprises two
openings 622a, 6225 that are circumierentially across each
other, but laterally offset. The diameter of each of the open-
ings 622a, 6226 may be from about 0.010 inch to about 0.024
inch, e.g., about 0.014 inch. FI1G. 6G depicts a variation of an
insulating sheath 630 that comprises two openings 632a,
6325 that are circumierentially across each other, but laterally
offset. The diameter of each of the openings 632a, 6325 may
be from about 0.004 1inch to about 0.01 inch, e.g., about 0.008
inch. The size and ratio of the openings in the insulating
sheath and the outer electrode may be similar to those
described previously (see FIG. 2 and accompanying descrip-
tion). The openings 622a, 6225 of the outer electrode sheath
may be coaxially aligned with the openings 632a, 63256 of the
insulating sheath 630, respectively. The outer electrode
sheath 620 and the 1insulating sheath 630 may be used with a
pair of mner electrodes that are similarly circumierentially
across each other, but laterally offset such that the two 1nner
clectrodes are each coaxially aligned with the each of the
openings in the insulating sheath and the outer electrode
sheath. This may functionally create two shockwave sources
configured to generate two shockwaves that propagate out-
ward 1n two directions that are opposite each other but later-
ally offset.

In the variations of the shockwave electrode assemblies
described above, the inner electrode 1s retained within a lon-
gitudinal groove of a catheter, and the openings of an 1nsu-
latmg sheath and outer electrode are coaxially aligned with
the inner electrode. As a result, the circumferential position of
the openings 1n the msulating sheath and the outer electrode
(and therefore, the circumierential position of a shockwave
source) may be constrained by the circumierential position of
the longitudinal groove that retains the inner electrode. In
some variations, 1t may be desirable to position a shockwave
source at a circumierential position around the eclongate
member that 1s different from the circumierential position of
the groove that retains the inner electrode. That 1s, the location
of the shockwave source as defined by the circumierential
location of the openings in the mnsulating sheath and outer
clectrode sheath may be ofifset with respect to the groove. A
cross-section of such shockwave electrode assembly 1is
depicted 1n FIG. 6H. Depicted there 1s a catheter 640 with a
central guide wire lumen 641 and first and second grooves
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642a, 642b that are located circumierentially opposite each
other (e.g., 180 degrees around the catheter). First and second
wires 644a, 644 are retained within the grooves 642a, 6425
and are connected to first and second 1nner electrodes 6464,
6465. The first and section wire 644a, 6445 and grooves 6424,

6425b are aligned along axis 654. However, itmay be desirable
to have a shockwave source be located at a location that 1s
offset from a first axis 654, for example at a location that 1s
radially offset by angle Al (which may be from about 1
degree to about 179 degrees). To form a shockwave electrode
assembly that 1s offset by angle Al from the first axis 634, the
first and second inner electrodes 646a, 6465 may cach be a
hypotube that 1s asymmetrically crimped so that a length of
the hypotube circumierentially spans a portion of the catheter.
For example, 1n the vanation shown in FIG. 6H, the inner
clectrodes 646a, 6465 may span at least an angle A1 along the
circumierence of the catheter 640. The first and second open-
ings 647a, 6470 of the insulating sheath 648 may be coaxially
aligned over the first and second 1nner electrodes at the radi-
ally offset location, and the first and second openings 651a,
65156 of the outer electrode 650 may be coaxially aligned over
first and second openmings 647a, 6475 of the insulating sheath
648. In other words, the first and second openings 647a, 6475
of the msulating sheath 648, the first and second openings
651a, 6515 ofthe outer electrode 650, and a portion of the first
and second inner electrodes 646a, 64656 may be coaxially
aligned along a second axis 652 thatis offset by angle Al from
the first axis 654. Such configuration may allow for the place-
ment of a shockwave source anywhere along the circumier-
ence of a catheter without necessarily being aligned with the
circumierential location of the one more longitudinal grooves
of the catheter.

The low-profile shockwave electrode assembly depicted in
FIG. 6 A may be assembled 1n any suitable fashion. FIGS.
7A-TD depict an example of a method for making a low-
profile shockwave electrode assembly that 1s located along a
length of an elongate member (which for clarity purposes, 1s
not shown here). The inner electrode 700 may be a hypotube
that 1s placed over an exposed core of a wire 702 and crimped
and flattened, as illustrated 1n FIGS. 7A and 7B. In some
variations, the inner electrode 700 may be crimped and flat-
tened with a slight curve to approximate and/or match the
radius of curvature of the elongate member. The inner elec-
trode 700 and the wire 702 are then placed within a longitu-
dinal groove of the elongate member (see FIG. 6 A). An 1nsu-
lating layer or sheath 704 may be slid over the elongate
member and positioned over the mnner electrode 700 such that
an opening 705 of the insulating sheath 704 i1s coaxially
aligned over the mner electrode, as shown 1 FIG. 7C. An
outer electrode sheath 706 may be slid over the elongate
member and positioned over the msulating sheath 704 such
that an opening 707 of the outer electrode sheath 706 1s
coaxially aligned over the opeming 705 of the insulating
sheath 704, as shown 1n FIG. 7D. In variations of shockwave
clectrode assemblies that comprise a second mner electrode
circumierentially opposite to the first inner electrode 700,
aligning the openings of the insulating sheath and the outer
clectrode over the first inner electrode may also align a second
set of openings of the insulating sheath and the outer electrode
over the second inner electrode. Once the outer electrode
sheath and the mnsulating sheath have been positioned 1n the

desired location, their location may be secured by applying a
UV curable adhesive, such as Loctite 349, at both ends of the

sheaths.

FIGS. 8A and 8B depict side and cross-sectional view
(taken along line 8 B-8B) of one variation of a grooved elon-
gate member (e.g., a catheter) that may be used 1n any of the
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shockwave devices described herein. The elongate member
802 may have any number of longitudinal grooves or chan-
nels configured for retaining a wire and/or mner electrode,
and may for instance have 1,2,3,4,5,6,7, 8, 10, etc. grooves.
As 1llustrated 1n FIG. 6B, the elongate member 602 has six
grooves that surround a central guide wire lumen 603. In
some variations, the elongate member 802 may have a radius
of about 0.014 inch and the each of the grooves may have a
radius of curvature of about 0.005 1nch to about 0.010 inch.
Where the grooves may have a semi-elliptical shape, the
minor axis may be about 0.008 1inch and the minor axis may be
about 0.015 inch. The elongate member 802 may also com-
prise a guide wire lumen 803, where the guide wire lumen
may have a radius of about 0.0075 inch to about 0.018 inch,
¢.g., about 0.02 1inch or 0.0175 1nch.

Optionally, shrink tubing may be provided over each of the
wires to help retain the wire within the groove while still
allowing the wires to slide and move within the grooves to
accommodate bending of the elongate member 602. Wires
slidably disposed within longitudinal grooves on the outer
surface of the elongate member may retain the flexibility of
the elongate member such that the elongate member may
casily navigate and access tortuous vasculature. While the
variations here depict wires that are slidably disposed within
grooves of the elongate member to accommodate bending of
the elongate member, in other variations, the wires may be
conductive elements that are co-extruded with the elongate
member and therefore unable to slide with respect to the
clongate member. However, co-extruding conductive ele-
ments with the elongate member may stiffen the elongate
member, thereby limiting 1ts tlexibility and ability to navigate
to and access tortuous vasculature. For example, the smallest
radius of curvature attainable by an elongate member with
co-extruded conductive elements may be larger than the
smallest radius of curvature attainable by an elongate member
with wires slidably disposed 1n grooves along 1ts outer sur-
tace. The turning radius of an elongate member that has wires
slidably disposed within longitudinal grooves along its outer
surface may be tighter than the turning radius of the same
clongate member 1f the wires were unable to shide with
respect to the elongate member.

The wires retained within the longitudinal grooves of an
clongate member may be connected to 1nner electrodes, as
described above, and/or may be connected to outer electrode
sheaths. A wire that 1s retained within a longitudinal groove
may be connected to an outer electrode sheath using any
suitable method, for example, by friction fit and/or adhesives.
For example, the wire may be iriction fit between the outer
clectrode sheath and the insulating sheath, and optionally
turther secured 1n contact with the outer electrode sheath with
an adhesive, as depicted 1n FI1G. 9. As depicted there, a wire
900 retained within a groove 904 of an elongate member 902
may contact an outer electrode sheath 906 via a stripped
portion 910 that 1s drawn out of the groove 904 and mserted
between the outer electrode sheath and insulating sheath 908
(for clarity, the mner electrode of this this shockwave elec-
trode assembly 1s not shown). The wire may be secured
between the outer electrode sheath and the insulating sheath
friction fit and may optionally be further secured and electri-
cally msulated by an adhesive, such as conductive epoxy or
laser welded or spot welded. Inserting the stripped portion
910 (where the electrically conductive portion 1s exposed)
between the outer electrode sheath and the insulating sheath
and further sealing it with an adhesive may help to ensure that
the wire does not inadvertently contact an inner electrode or
any other conductive medium (e.g., the fluid that may be used
to fill a shockwave angioplasty balloon). Various connections
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between the wires and the 1inner and outer electrodes of the
clectrode assemblies are further described below.

The first and second inner electrodes of an electrode
assembly may be connected such that they are each indepen-
dently voltage-controlled, e.g., each directly connect to sepa-
rate positive channels of a high voltage pulse generator. They
may be independently controlled (e.g., capable of being
pulsed separately) or may be controlled together. An example
of direct connectivity between the first and second inner
clectrodes of a shockwave electrode assembly 1000 1is
depicted in FIGS. 10A-10D. The shockwave electrode
assembly 1000 may be any of the electrode assemblies
described herein, and may comprise a first imnner electrode
1002, a second inner electrode 1004 and an outer electrode
1006. As schematically depicted 1n FIG. 7A, a first wire 1003
may connect the first inner electrode 1002 to a first voltage
output port VOI1 of a pulse generator 1001. A second wire
1005 may connect the second inner electrode 1004 to a sec-
ond voltage output port VO2 of the pulse generator 1001. A
third wire 1006 may connect the outer electrode to a third
voltage output port VO3 (a ground channel or negative termi-
nal). In some varniations, the first voltage output port VO1 and
the second voltage output port VO2 may be positive channels
while the third voltage output port VO3 may be a negative
channel (or vice versa). During a high voltage pulse on the
first and/or second voltage output ports VO1, VO2, current

may flow 1n the direction of the arrows 1n the first and/or
second wires 1003, 1005 from the voltage outputs VO1, VO2

to the first and second 1nner electrodes 1002, 1004. The high
voltage pulse generator may apply a voltage pulse on output
port VO1 such that the potential difference between the first
iner electrode 1002 and the outer electrode 1006 1s high
enough to form a plasma arc between them, generating a
bubble that gives rise to a shockwave. Similarly, the high
voltage pulse generator may simultaneously or sequentially
apply a voltage pulse on output port VO2 such that the poten-
tial difference between the second inner electrode 1004 and
the outer electrode 1006 1s high enough to form a plasma arc
between them, generating a bubble that gives rise to a difier-
ent shockwave. In a variation where the first inner electrode
and second mnner electrode are located circumierentially
opposite to each other (e.g., 180 degrees apart from each other
around the circumierence of the elongate member), the
shockwaves generated by the first and second 1nner electrodes
may propagate 1 opposite directions, extending outward
from the side of the clongate member. The current that
traverses the bubble from the inner electrode 1002 and/or
inner electrode 1004 to the outer electrode 1006 returns via
wire 1007 to voltage output port VO3 (which may be a nega-
tive channel or a ground channel). Voltage output ports VOI1
and VO2 may be independently addressed (e.g., voltage and
current may be applied to one output but not necessarily the
other), or may be not be independently addressed (e.g., acti-
vating one output necessarily activates the other). Optionally,
a connector (not shown) may be provided between the wires
1003, 1005, 1007 and the voltage pulse generator 1001 so that
the wires of the elongate member may be easily connected to
the output ports of the high voltage generator.

FIGS. 10B-10D depict one variation of how the circuit of
FIG. 10A may be implemented 1n a shockwave device that
comprises the shockwave electrode assembly 1000. The
shockwave device may comprise a catheter 1010 with a cen-
tral guide wire lumen 1011 and six longitudinal grooves
(G1-G6) arranged around the guide wire lumen. FIG. 10B 1s
a top view of the electrode assembly 1000 where the first
inner electrode 1002 1s visible and FIG. 10C a bottom view of
the electrode assembly 1000 where the second 1nner electrode
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1004 1s visible. The first and second inner electrodes are
located circumierentially opposite each other (1.e., 180
degrees apart). F1G. 10D depicts the grooves in which each of
the 1nner electrodes and/or wires may be retained. The return
wire 1007 may be connected to the outer electrode sheath
1006 1n any of the configurations described above and may be
retained 1n groove G3. The wire 1003 connects the first inner
clectrode 1002 with the first voltage output VO1, and may be
retained 1n groove G1. The wire 1005 connects the second
inner electrode 1004 with the second voltage output VO2, and
may be retained in groove G4, directly opposite groove G1.
While the example depicted here uses grooves G1, G3, and
(G4, 1t should be understood that any three of the six grooves
may be used to retain the wires 1003, 1005 and 1007 to attain
the connectivity depicted in FIG. 10A. For example, the wires
1003, 1005 and 1007 may be retained 1n grooves G2, G5 and
G6 respectively, or grooves G3, G6 and G5 respectively, or
grooves G1,G3, and G2 respectively, grooves G1, G3, and G5
respectively, etc.

Alternatively, the first and second inner electrodes of an
clectrode assembly may be connected in series such that
activating the first mnner electrode also activates the second
inner electrode. This may allow the electrode assembly to
generate up to two shockwaves (1.e., one from each of the first
and second 1nner electrodes) using only a single output port
on the high voltage generator. FIGS. 11A-11D depict one
example of a shockwave electrode assembly 1100 that 1s
configured such that first inner electrode 1102 1s 1n series with
the second inner electrode 1104. The shockwave electrode
assembly 1100 may be any of the electrode assemblies
described herein, and may comprise a first inner electrode
1102, a second 1nner electrode 1104 and an outer electrode
1106. As schematically depicted 1n FIG. 11A, a first wire
1103 may connect the first inner electrode 1102 to a first
voltage output port VO1 of a pulse generator 1101. A second
wire 1105 may connect the second inner electrode 1104 to a
second voltage output port VO2 (a ground channel or negative
terminal). In some variations, the first voltage output port
VOI1 may be a positive channel while the second voltage
output port VO2 may be a negative channel (or vice versa).
During a high voltage pulse on the first voltage output port
VOlI1, current may flow 1n the direction of the arrow 1n the first
wire 1103 from the voltage output VOI to the first inner
clectrode 1102. The high voltage pulse generator may apply a
voltage pulse on output port VOI1 such that the potential
difference between the first inner electrode 1102 and the outer
clectrode 1106 1s high enough to form a plasma arc between
them, generating a bubble that gives rise to a shockwave. The
current that traverses the bubble from the first inner electrode
1102 to the outer electrode 1106 may set up a potential dif-
terence between the outer electrode 1106 and the second
inner electrode 1004 that 1s high enough to form a plasma arc
between them, generating a bubble that gives rise to a differ-
ent shockwave. In a vanation where the first inner electrode
and second mmner electrode are located circumierentially
opposite to each other (e.g., 180 degrees apart from each other
around the circumierence of the elongate member), the
shockwaves generated by the first and second 1nner electrodes
may propagate 1 opposite directions, extending outward
from the side of the elongate member. The current then
returns to the voltage source generator via wire 1105 to volt-
age output port VO2 (which may be a negative channel or a
ground channel). Optionally, a connector (not shown) may be
provided between the wires 1103, 1105 and the voltage pulse
generator 1101 so that the wires of the elongate member may
be easily connected to the output ports of the high voltage
generator.
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FIGS. 11B-11D depict one variation of how the circuit of
FIG. 11A may be implemented 1n a shockwave device that
comprises the shockwave electrode assembly 1100. The
shockwave device may comprise a catheter 1110 with a cen-
tral guide wire lumen 1111 and six longitudinal grooves
(G1-G6) arranged around the guide wire lumen. FIG. 11B 1s
a top view of the electrode assembly 1100 where the first
inner electrode 1102 1s visible and FIG. 11C a bottom view of
the electrode assembly 1100 where the second 1nner electrode
1104 1s visible. The first and second inner electrodes are
located circumierentially opposite each other (1.e., 180
degrees apart). FIG. 11D depicts the grooves in which each of
the inner electrodes and/or wires may be retained. The wire
1103 connects the first inner electrode 1102 with the first
voltage output VO1, and may be retained in groove G1. The
wire 1105 connects the second inner electrode 1104 with the
second voltage output VO2, and may be retained 1n groove
(G4, directly opposite groove G1. While the example depicted
hereuses grooves G1 and G4, i1t should be understood that any
two of the si1x grooves may be used to retain the wires 1103,
1105 to attain the connectivity depicted in FIG. 11A. For
example, the wires 1103 and 1105 may be retained 1n grooves
(G2 and G35 respectively, or grooves G3 and G6 respectively,
etc.

Some variations of shockwave devices may comprise two
or more shockwave electrode assemblies. For example, the
shockwave angioplasty system 520 depicted in FIG. 5A com-
prises two electrode assemblies where each electrode assem-
bly has two inner electrodes circumierentially opposite to
cach other and 1s configured to generate two shockwaves that
propagate outward from the side of the catheter in opposite
directions. The two shockwave electrode assemblies may be
connected such that each of the inner electrodes of the two
clectrode assemblies (i.e., for a total of four inner electrodes)
are each connected to separate voltage channels. For
example, each of the mner electrodes may each be directly
connected to different voltage channels 1n a direct connect
configuration. The mnner electrodes may be individually
addressable and/or can be activated by separate ports on a
high voltage pulse generator. FIGS. 12A-12D depict a varia-
tions of two shockwave electrode assemblies of a shockwave
device (e.g., a shockwave angioplasty device) where the first
and second 1nner electrodes of each electrode assembly are
connected such that they are each connected to separate volt-
age channels. The shockwave electrode assemblies 1200,
1250 may be any of the electrode assemblies described
hereimn. The first shockwave electrode assembly 1200 may
comprise a first inner electrode 1202, a second inner electrode
1204 and an outer electrode 1206. The second shockwave
clectrode assembly 1250 may comprise a first inner electrode
1252, a second 1nner electrode 1254 and an outer electrode
1256. As schematically depicted in FIG. 12A, a first wire
1203 may connect the first inner electrode 1202 of the first
clectrode assembly 1200 to a first voltage output port VO1 of
a pulse generator 1201. A second wire 1205 may connect the
second 1nner electrode 1204 of the first electrode assembly
1200 to a second voltage output port VO2 of the pulse gen-
crator 1201. A third wire 1207 may connect the outer elec-
trode 1206 of the first electrode assembly to a third voltage
output port VO3 (a ground channel or negative terminal). In
some variations, the first voltage output port VO1 and the
second voltage output port VO2 may be positive channels
while the third voltage output port VO3 may be a negative
channel (or vice versa). A fourth wire 1253 may connect the
first mnner electrode 1252 of the second electrode assembly
1250 to a fourth voltage output port VO4 of the pulse genera-
tor 1201. A fifth wire 1255 may connect the second inner
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clectrode 1254 of the second electrode assembly 12350 to a
fifth voltage output port VOS5 of the pulse generator 1201. The
outer electrode 1256 of the second electrode assembly may
also contact the third wire 1207 and be connected to the third
voltage output port VO3. In some variations, the first voltage
output port VOI1, the second voltage output port VO2, the
tourth voltage output VO4 and the fifth voltage output VOS5
may each be positive channels while the third voltage output
port VO3 may be a negative channel. During a high voltage
pulse on any one of the first and/or second and/or fourth
and/or fifth voltage output ports VO1, VO2, VO4, V5, current
may flow in the direction of the arrows 1n the first and/or
second and/or fourth and/or fifth wires 1203, 1205, 1253,
1255 from the voltage outputs VO1, VO2, VO4, VOS to the
first and second inner electrodes of the first and second elec-
trode assemblies 1202, 1204, 1252, 1254 of the first and
second electrode assemblies. The high voltage pulse genera-
tor may apply a voltage pulse on any one of the output ports
such that the potential diflerence between any one of the inner
clectrodes and the corresponding outer electrode 1206, 1256
1s high enough to form a plasma arc between them, generating
a bubble that gives rise to a shockwave. Each of the plasma
arcs formed between an inner electrode and an outer electrode
(of the same electrode assembly) may generate a bubble that
gives rise to a different shockwave. In a variation where the
first 1nner electrode and second inner electrode are located
circumierentially opposite to each other (e.g., 180 degrees
apart from each other around the circumierence of the elon-
gate member), the shockwaves generated by the first and
second mner electrodes may propagate in opposite directions,
extending outward from the side of the eclongate member.
With the two electrode assemblies 1200, 1250, a total ofup to
tour different shockwaves may be generated. The current that
traverses the bubble from the 1nner electrodes to the corre-
sponding outer electrode returns via wire 1207 to voltage
output port VO3 (which may be a negative channel or a
ground channel). In some variations, the return current from
any one of the outer electrodes may be connected to an inter-
mediate node (e.g., an optional outer electrode band or
sheath, and/or optional mterconnect wire) before 1t 1s con-
nected to the wire 1207. The voltage output ports may be
independently addressed or may be not be independently
addressed, as previously described. Optionally, a connector
(not shown) may be provided between the wires and the
voltage pulse generator 1201 so that the wires of the elongate
member may be easily connected to the output ports of the
high voltage generator.

FIGS. 12B-12C depict one variation of how the circuit of
FIG. 12A may be implemented 1n a shockwave device that
comprises the first shockwave assembly 1200 and second
shockwave electrode assembly 1250. The shockwave device
may comprise a catheter 1210 with a central guide wire lumen
1211 and six longitudinal grooves (G1-G6) arranged around
the guide wire lumen. FIG. 12B 1s a perspective view of the
distal portion of the shockwave device with the first electrode
assembly 1200 and second electrode assembly 1250 each at
different longitudinal locations along the catheter 1210. For
cach electrode assembly 1200, 1250, the first and second
iner electrodes are located circumierentially opposite each
other (1.e., 180 degrees apart). FI1G. 12C depicts the grooves in
which each of the inner electrodes and/or wires may be
retained, some of which are also depicted in FIG. 12B. The
return wire 1207 may be connected to the outer electrode
sheaths 1206, 1256 1n any of the configurations described
above and may be retained i groove G3. The wire 1203
connects the first inner electrode 1202 of the first electrode
assembly with the first voltage output VOI1, and may be
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retained 1n groove G2. The wire 1205 connects the second
inner electrode 1204 of the first electrode assembly with the
second voltage output VO2, and may be retained 1n groove
(5, directly opposite groove G2. The wire 1253 connects the
first mnner electrode 1252 of the second electrode assembly
with the fourth voltage output VO4, and may be retained in
groove G1. The wire 1255 connects the second inner elec-
trode 1254 of the second electrode assembly with the fifth
voltage output VOS5, and may be retained in groove G3,
directly opposite groove G1. While the example depicted here
uses grooves G1-G3, 1t should be understood that any five of
the six grooves may be used to retain the wires to attain the

connectivity depicted 1n FIG. 12A. For example, the wires

1203, 1205, 1253, 1255 and 1207 may be retained 1n grooves
G1,G4,G2, G5, G3 respectively, or grooves G35, G3, G1, G4,
G5 respectively, etc. As depicted 1n FIG. 12B, the circumfier-
ential locations of the mner electrodes of the first electrode
assembly are different from the circumierential locations of
the mner electrodes of the second electrode assembly, 1.¢.,
they are offset from each other by an angle, which angle may
be any value of about 1 degree to about 179 degrees, e.g.,
about 60 degrees, as determined by the location of the groove
in which the inner electrode 1s retained. However, 1n other
variations, the inner electrode may span a circumierential
length of the catheter (such as described and depicted in FIG.
6H), which may allow for the electrode assemblies to be
rotated such that shockwaves may be generated from a
desired circumierential location. In such variations, the ori-
entation of the first and second electrode assemblies may be
the same (1.e., shockwaves may be generated from the same
circumierential location around the catheter, but longitudi-
nally offset by the distance between the electrode assem-
blies).

Alternatively or additionally, two electrode assemblies
may be connected 1n series with respect to each other such
that activating a {irst electrode assembly also activates a sec-
ond electrode assembly. In some variations, 1t may be desir-
able to have multiple shockwave sources without as many
wires running along the elongate member, and using fewer
ports on the voltage pulse generator. For example, connecting
two electrode assemblies 1n series may allow the shockwave
device to simultaneously generate up to four different shock-
waves using just two voltage output ports (e.g., one positive
channel and one negative channel). In addition, reducing the
number of wires that extend along the length of the elongate
member would allow the elongate member to bend and flex
more Ireely as it 1s advanced through the vasculature of a
patient (e.g., may allow for a tighter turning radius). One
example of a series connection between two electrode assem-
blies 1300, 1350 1s depicted in FIGS. 13A-13D. As schemati-
cally depicted 1n FI1G. 13 A, a first wire 1303 may connect the
first inner electrode 1302 of the first electrode assembly to a
first voltage output port VO1 of a pulse generator 1301. A
second wire 1305 (e.g., an interconnect wire) may connect the
second 1nner electrode 1304 of the first electrode assembly
1300 to a first mnner electrode 1352 of the second electrode
assembly 13350. A third wire 1307 may connect the second
inner electrode 1354 to a second voltage output port VO2 (a
ground channel or negative terminal). In some variations, the
first voltage output port VO1 may be a positive channel while
the second voltage output port VO2 may be a negative channel
(or vice versa). During a high voltage pulse on the first voltage
output port VO1, current may flow 1n the direction of the
arrow 1n the first wire 1303 from the voltage output VO1 to the
firstinner electrode 1302 of the first electrode assembly 1200.
The high voltage pulse generator may apply a voltage pulse
on output port VO1 such that the potential difference between
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the first inner electrode 1302 and the outer electrode 1306 of
the first electrode assembly 1300 1s high enough to form a
plasma arc between them, generating a bubble that gives rise
to a shockwave. The current that traverses the bubble from the
first inner electrode 1302 to the outer electrode 1306 may set
up a potential difference between the outer electrode 1306
and the second 1nner electrode 1304 that 1s high enough to
form a plasma arc between them, generating a bubble that
gives rise to a different shockwave (1.e., a second shockwave).
In a variation where the first inner electrode and second 1nner
clectrode are located circumierentially opposite to each other
(c.g., 180 degrees apart from each other around the circum-
terence of the elongate member), the shockwaves generated
by the first and second inner electrodes may propagate in
opposite directions, extending outward from the side of the
clongate member. The current then tflows 1n the second wire
1305 to the first inner electrode 1352 of the second electrode
assembly 1350 and may set up a potential difference between
the first inner electrode 1352 and the outer electrode 1356 that
1s high enough to form a plasma arc between them, generating
a bubble that gives rise to another shockwave (i.e., a third
shockwave). The current that traverses the bubble from the
first inner electrode 1352 to the outer electrode 1356 may set
up a potential difference between the outer electrode 1356
and the second 1nner electrode 1354 of the second electrode
assembly 13350 that 1s high enough to form a plasma arc
between them, generating a bubble that gives rise to an addi-
tional shockwave (1.¢., a fourth shockwave). The current then
returns to the voltage source generator via wire 1307 to volt-
age output port VO2 (which may be a negative channel or a
ground channel). Optionally, a connector (not shown) may be
provided between the wires 1303, 1307 and the voltage pulse
generator 1301 so that the wires of the elongate member may
be easily connected to the output ports of the high voltage
generator.

FIGS. 13B-13D depict one variation of how the circuit of
FIG. 13A may be implemented 1n a shockwave device that
comprises the first shockwave electrode assembly 1300 and
the second shockwave electrode assembly 1350. The shock-
wave device may comprise a catheter 1310 with a central
guide wire lumen 1311 and six longitudinal grooves (G1-G6)
arranged around the guide wire lumen. FIG. 13B 1s a top view
of the first and second electrode assemblies 1300, 1350 where
the first mnner electrode 1302 of the first electrode assembly
1300 and the second inner electrode 1354 of the second
clectrode assembly 1352 are visible. FIG. 13C a bottom view
ofthe first and second electrode assemblies 1300, 1350 where
the second 1nner electrode 1304 of the first electrode assem-
bly 1300 and the first mnner electrode 1356 of the second
clectrode assembly 1352 are visible. The first and second
inner electrodes of each electrode assembly are located cir-
cumierentially opposite each other (1.e., 180 degrees apart).
FIG. 11D depicts the grooves 1n which each of the inner
clectrodes and/or wires may be retained. The wire 1303 con-
nects the first inner electrode 1302 with the first voltage
output VOI1, and may be retained in a proximal length of
groove G4 (1.e., the length of the longitudinal groove that 1s
proximal to the first electrode assembly). The wire 1305
connects the second inner electrode 1304 of the first electrode
assembly with the first inner electrode 1352 of the second
clectrode assembly and may be retained i groove Gl,
directly opposite groove G4. The wire 1307 connects the
second electrode 1354 of the second electrode assembly with
the second voltage output VO2, and may be retained 1n a distal
length of groove G4 (i.¢., the length o the longitudinal groove
that 1s distal to the second electrode assembly). In some
variations, the wire 1307 does not directly connect to the
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second voltage output port VO2, but instead connects with an
additional electrode (e.g., an outer electrode sheath ), which 1s
then connected by an additional wire to the second voltage
output port. While the example depicted here uses grooves
G1, G4, 1t should be understood that any two of the six
grooves may be used to retain the wires 1303, 1305, 1307 to
attain the connectivity depicted in FIG. 13A. For example, the
wires 1303, 1305, 1307 may be retained 1n grooves G2 and
G5 respectively, or grooves G3 and G6 respectively, efc.

Some variations of shockwave devices comprise a plurality
of electrode assemblies, where some of the electrode assem-
blies are connected 1n series, while other electrode assemblies
are configured such that the first inner electrode and the
second 1ner electrode are each mdependently voltage-con-
trolled (e.g., each connected to separate ports on a high volt-
age pulse generator 1n a direct connect configuration). This
may allow for more shockwaves to be simultaneously gener-
ated using fewer wires than 1f all the electrode assemblies
were connected to separate voltage channels. Reducing the
number of wires along the longitudinal length of the elongate
member may help to maintain the ability of the elongate
member to bend and flex (e.g., to navigate through tortuous
vasculature). This may help the elongate member to have a
tighter turning radius, and/or to be able to attain a smaller
radius of curvature. An increased number of wires along the
length of the elongate member may stiffen the elongate mem-
ber such that 1t 1s no longer able to navigate tortuous vascu-
lature. In some variations, the shockwave force that 1s gener-
ated from electrode assemblies that are connected to a
plurality of high voltage channels (e.g., where each inner
clectrode 1s connected to a separate voltage channel 1n a direct
connect configuration) may be greater than the shockwave
force that 1s generated from electrode assemblies that are
configured 1n series. In some variations, the voltage applied to
clectrode assemblies connected 1n series needs to be greater
than the voltage applied to electrode assemblies where each
iner electrode 1s directly connected to a separate voltage
channel 1n order to attain a shockwave of similar magnitude.
In some variations, the voltage pulse applied to electrodes 1n
a series configuration may be longer than the voltage pulse
applied to electrodes 1n a direct connect configuration in order
to generate shockwaves of similar magnitude. A shockwave
device that has a combination of electrode assemblies 1n both
series and direct connect circuit configurations may provide
the ability to apply a stronger shockwave when desired, but
also have the ability to simultaneously apply many shock-
waves without substantially compromising the flexibility and
turning capability of the catheter by mimimizing the number
of wires.

Some shockwave devices may have at least one electrode
assembly configured such that its two inner electrodes are
connected to separate high voltage channels (1.e., a direct
connect configuration) and at least one electrode assembly
configured such that its two 1nner electrodes are connected 1n
series. In still other vanations, a shockwave device may have
at least one electrode assembly configured such that its two
inner electrodes are connected to separate high voltage chan-
nels and two or more electrode assemblies that are connected
in series. A schematic of a shockwave device that uses both
clectrode assemblies that are connected 1n series and 1n a
direct connect configuration is depicted in FIGS. 14A-14G. A
shockwave device may have five electrode assemblies located
along its length and an elongate member (e.g., a catheter with
a longitudinal guide wire lumen) with six grooves extending
along 1ts length. The electrode assemblies may be any of the
clectrode assemblies described herein, and may, for example,
cach have a first and second inner electrode, an insulating
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sheath disposed over the inner electrodes, the insulating
sheath having first and second openings aligned over the first
and second 1nner electrodes, and an outer electrode sheath
disposed over the insulating sheath, the outer electrode sheath
having first and second openings aligned over the first and
second iner openings of the msulating sheath. The openings
of the outer electrode may be larger than the openings of the
insulating sheath, and may be coaxially aligned with the
openings of the insulating sheath such that the center of the
openings are aligned along the same axis. The first and second
clectrode assemblies 1400, 1420 may be connected 1n series
and controlled together as a pair, and the fourth and fifth
clectrode assemblies 1440, 1450 may be connected 1n series
and controlled together as a pair, separately from the first and
second electrodes. The series connections may be similar to
the connection described and depicted in FIGS. 13A-13D.
The ner electrodes of the third electrode assembly (which
may be located in between the two pairs of series connected
electrode assemblies, with the first and second electrode
assemblies on one side and the fourth and fifth electrode
assemblies on the other side) may be connected 1n a direct
connect configuration, similar to the connected described and
depicted in FIGS. 10A-10D. The series connections between
the first electrode assembly 1400 and the second electrode
assembly 1420 may comprise a first wire 1403 connecting a
first voltage output port VOI to the first inner electrode 1402
ol the first electrode assembly 1400, a second wire 1403 (e.g.,
an 1nterconnect wire) connecting the second inner electrode
1404 of the first electrode assembly to the first inner electrode
1422 of the second electrode assembly 1420, and a third wire
1407 connecting the second 1nner electrode 1424 of the sec-
ond electrode assembly to a voltage output port VO3. The
third wire 1407 may be part of the current return path to the
voltage pulse generator. The series connections between the
tourth electrode assembly 1440 and the fifth electrode assem-
bly 1450 may comprise a sixth wire 1413 connecting a fourth
voltage output port VO4 to the first inner electrode 1442 of the
tourth electrode assembly 1440, a seventh wire 1415 (e.g., an
interconnect wire) connecting the second inner electrode
1444 of the fourth electrode assembly to the first inner elec-
trode 1452 of the fifth electrode assembly 1450, and the third
wire 1407 connecting the second 1nner electrode 1454 of the
fifth electrode assembly to the voltage output port VO3S. The
direct connect configuration of the third electrode assembly
1430 may comprise a fourth wire 1409 connecting a second
voltage output port VO2 to the first inner electrode 1432 and
a fifth wire 1411 connecting a third voltage output port VO3
to the second 1nner electrode 1434. The outer electrode 1436
may be connected to the voltage output port VO3 via the wire
1407.

FIGS. 14B-14G depict one variation of how the circuit of
FIG. 14A may be implemented 1n a shockwave device com-
prising five shockwave electrode assemblies 1400, 1420,
1430, 1440, 1450. The shockwave device may comprise a
catheter with a central guide wire lumen and six longitudinal
grooves arranged around the guide wire lumen. FIG. 14B 1s
perspective view ol the five shockwave assemblies 1400,
1420, 1430, 1440, 1450 along the distal portion of the cath-
cter. The shockwave device depicted there may have a proxi-
mal marker band and a distal marker band (e.g., such as
angioplasty marker bands). FIG. 14C 1s a close-up view of the
first shockwave electrode assembly 1400, the second shock-
wave electrode assembly 1420, and the third shockwave
assembly 1430. As described above, the first and second
clectrode assemblies 1400, 1420 may be connected 1n series,
where the wires 1403, 1405, 1407 and inner electrodes 1402,
1404, 1422, 1424 are retained within two of the six grooves,
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and may for example, be similar to the configuration depicted
in FIGS. 13B-13D. Applying a high voltage pulse on wire
1403 may generate four radial shockwaves propagating from
circumierentially opposite sides of the catheter. Two of the
shockwaves may originate at a longitudinal location along the
catheter corresponding to the location of the first electrode
assembly 1400 and the other two shockwaves may originate
at a longitudinal location along the catheter corresponding to
the location of the second electrode assembly 1420. FIG. 14D
1s a close-up view of the fourth shockwave electrode assem-
bly 1440, the fifth shockwave electrode assembly 1450, and a
distal radiopaque marker band 1460. As described above, the
fourth and fifth electrode assemblies 1440, 1450 may be
connected 1n series, where the wires 1413, 1415, 1407 and
inner electrodes 1442, 1444, 1452, 1454 are retained within
two of the s1x grooves, and may for example, be similar to the
configuration depicted i FIGS. 13B-13D. In some varia-
tions, the wires and 1nner electrodes may be in a pair of
grooves that are different from the pair of grooves retaining
the wires and inner electrodes of the first and second electrode
assemblies. Applying a high voltage pulse on wire 1413 may
generate four radial shockwaves propagating from circum-
terentially opposite sides of the catheter. Two of the shock-
waves may originate at a longitudinal location along the cath-
eter corresponding to the location of the fourth electrode
assembly 1440 and the other two shockwaves may originate
at a longitudinal location along the catheter corresponding to
the location of the fifth electrode assembly 1450.

FIG. 14E 1s a close-up view of the fifth electrode assembly
1450 and the distal marker band 1460. In some variations of
shockwave devices, the wire connected to the second 1nner
clectrode 1454 of the fifth electrode assembly 1450 may be
connected to the distal marker band 1460. The distal marker
band 1460 may act as a common node for wires that carry the
return currents from the electrode assemblies, which may
help reduce the number of wires carrying a return current
back to the high voltage pulse generator. There may be several
of such return path nodes along the length of the catheter, and
may be, for example, one or more additional radiopaque
marker bands, and/or one or more outer electrode sheaths of
certain electrode assemblies.

FIG. 14F 1s a close-up view of the third electrode assembly
1430. As described above, the 1nner electrode 1432 and 1nner
clectrode 1434 (which 1s not visible 1n this view) may be in a
direct connect configuration such that they may be individu-
ally driven by separate outputs from the voltage generator.
The currents from the inner electrodes may flow to the outer
clectrode 1436, which may return the current to the high
voltage pulse generator via the third wire 1407. Alternatively,
or additionally, the current from the outer electrode 1436 may
return to the high voltage pulse generator via an eighth wire
1461. The eighth wire 1461 may be retained in a groove that
1s opposite the groove that retains the third wire 1407. FIG.
14G depicts the wires 1409, 1411, 1461 retained within three
grooves ol the catheter, where the wires 1409, 1411 are con-
nected to the inner electrodes 1432, 1434, and retained 1n
grooves that are opposite to each other. The wire 1461 may
contact the outer electrode 1436 and may be retained 1n a third
groove (similar to the configuration described and depicted 1n

FIGS. 10A-10D).

While FIGS. 14 A-14F depict a shockwave device with five
clectrode assemblies located along the length of the elongate
member, 1t should be understood that a shockwave device
may have any number of electrode assemblies connected in
any combination of series and direct connect configurations.
For example, a shockwave device may have two electrode
assemblies that are connected to each other 1n series, which
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may allow for the synchronized generation of four different
shockwaves simultaneously. Alternatively, a shockwave
device may have two electrode assemblies where the two
inner electrodes of each assembly are each connected to sepa-
rate high voltage channels 1n a direct connect configuration,
which may allow for the independent generation of four dif-
terent shockwaves, either simultaneously or sequentially. The
number of electrode assemblies along the length of the elon-
gate member of a shockwave device may be selected accord-
ing to the geometry of the target tissue region. For example, a
shockwave device intended for breaking up calcified plaques
along a long vessel segment may have five electrode assem-
blies along 1ts length, while a device for breaking up plaques
in a shorter vessel segment may have two electrode assem-
blies along 1ts length.

Any of the shockwave assemblies described herein may be
used 1n an angioplasty procedure for breaking up calcified
plaques accumulated along the walls of a vessel. One varia-
tion of a method may comprise advancing a guide wire from
an entry site on a patient (e.g., an artery 1n the groin area of the
leg) to the target region of a vessel (e.g., a region having
calcified plaques that need to be broken up). A shockwave
device comprising a catheter with a guide wire lumen, one or
more low-profile electrode assemblies located along a length
ol the catheter, and a balloon may be advanced over the guide
wire to the target region of the vessel. The shockwave elec-
trode assemblies may be any of the low-profile electrode
assemblies described herein. The balloon may be collapsed
over the catheter while the device 1s advanced through the
vasculature. The location of the shockwave device may be
determined by x-ray imaging and/or fluoroscopy. When the
shockwave device reaches the target region, the balloon may
be intlated by a fluid (e.g., saline and/or saline mixed with an
image contrast agent). The one or more electrode assemblies
may then be activated to generate shockwaves to break up the
calcified plaques. The progress of the plaque break-up may be
monitored by x-ray and/or fluoroscopy. The shockwave
device may be moved along the length of the vessel 11 the
calcified region 1s longer than the length of the catheter with
the electrode assemblies, and/or if the calcified region 1s too
far away from the electrode assemblies to receive the tull
force of the generated shockwaves. For example, the shock-
wave device may be stepped along the length of a calcified
vessel region to sequentially break up the plaque. The elec-
trode assemblies of the shockwave device may be connected
in series and/or may be connected such that each 1nner elec-
trode 1s connected to separate high voltage channels, and may
be activated simultaneously and/or sequentially, as described
above. For example, a pair of electrode assemblies may be
connected 1n series and activated simultaneously, while
another electrode assembly may be connected such that each
inner electrode 1s connected to separate high voltage chan-
nels, and activated sequentially and/or simultaneously. Once
the calcified region has been sufliciently treated, the balloon
may be inflated turther or deflated, and the shockwave device
and guide wire may be withdrawn from the patient.

It will be understood that the foregoing 1s only 1llustrative
of the principles of the mvention, and that various modifica-
tions, alterations and combinations can be made by those
skilled in the art without departing from the scope and spirit of
the invention. Any of the variations of the various shockwave
devices disclosed herein can include features described by
any other shockwave devices or combination of shockwave
devices herein. Furthermore, any of the methods can be used
with any of the shockwave devices disclosed. Accordingly, 1t
1s not intended that the invention be limited, except as by the
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appended claims. For all of the variations described above,
the steps of the methods need not be performed sequentially.

What 1s claimed as new and desired to be protected by
Letters Patent of the United States 1s:

1. A device for generating shockwaves comprising:

an axially extending elongate member;

a balloon surrounding a portion of the elongate member,
said balloon being fillable with a conductive fluid;

a first wire extending along an outside surface of the elon-
gate member terminating 1n a first inner electrode at a
first side location within the balloon;

a second wire extending along the outside surface of the
clongate member terminating in a second inner elec-
trode located at a second side location radially across the
clongate member from the first inner electrode;

a cylindrically-shaped insulating sheath having a first aper-
ture and a second aperture, the insulating sheath dis-
posed around the first and second 1nner electrodes such
that the first aperture of the insulating sheath 1s located
over the first inner electrode and the second aperture of
the insulating sheath 1s located over the second inner
electrode; and

an outer electrode sheath having a first aperture and a
second aperture, the outer electrode sheath disposed
around the 1nsulating sheath such that the first aperture
of the outer electrode sheath 1s aligned with the first
aperture of the insulating sheath and the second aperture
of the outer electrode sheath 1s aligned with the second
aperture of the msulating sheath, and arranged so that
when the balloon 1s filled with the conductive fluid and a
voltage 1s applied across the first and second inner elec-
trodes, a current flows 1n series from the first inner elec-
trode to the outer electrode sheath to the second inner
clectrode such that a first shockwave 1s 1initiated from the
first side location and a second shockwave 1s 1itiated
from the second side location.

2. The device of claim 1, wherein the outer surface of the
clongate member has a first groove and a second groove that
cach extend along a length of the elongate member, wherein
the first wire 1s slidably disposed within the first groove and
the second wire 1s shidably disposed within the second
groove.

3. The device of claim 1, wherein the first inner electrode 1s
crimped over an electrically conductive portion of the first
wire and the second 1nner electrode 1s crimped over an elec-
trically conductive portion of the second wire.

4. The device of claim 3, wherein the first inner electrode 1s
a lirst hypotube that 1s crimped over the first wire and the
second 1nner electrode 1s a second hypotube that 1s crimped
over the second wire.

5. The device of claim 1, wherein the elongate member has
a guidewire lumen extending therethrough.

6. A system for generating shockwaves comprising:

an axially extending elongate member;

a balloon surrounding a portion of the elongate member,
said balloon being fillable with a conductive fluid;

a first electrode assembly at a first location along the length
of the elongate member, the first electrode assembly
having a first inner electrode, a second inner electrode,
and an outer electrode and configured to 1inmitiate shock-
waves at two circumierentially opposite locations; and

a second electrode assembly at a second location along the
length of the elongate member, the second electrode
assembly having a first inner electrode, a second 1nner
clectrode, and an outer electrode and configured to 1ni1-
tiate shockwaves at two circumierentially opposite loca-
tions wherein the second inner electrode of the first
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clectrode assembly and the first mnner electrode of the
second electrode assembly are connected and wherein
when the balloon 1s filled with the conductive fluid and a
voltage 1s applied across the first inner electrode of the
first electrode assembly and the second 1nner electrode
of the second eclectrode assembly, a current flows 1n
series from the first inner electrode to the outer electrode
to the second 1nner electrode of the first electrode assem-
bly to the first inner electrode to the outer electrode to the
second 1nner electrode of the second electrode assembly
such that a first pair of shockwaves i1s generated at the
two circumierentially opposite locations of the first elec-
trode assembly and a second pair of shockwaves 1s gen-
erated at the two circumierentially opposite locations of
the second electrode assembly.

7. The system of claim 6, further comprising:

a third electrode assembly at a third location along the
length of the clongate member, the third electrode
assembly having a first inner electrode, a second 1nner
clectrode, and an outer electrode and configured to 1ni1-
tiate shockwaves at two circumierentially opposite loca-
tions.

8. The system of claim 7, further comprising:

a Tfourth electrode assembly at a fourth location along the
length of the elongate member, the fourth electrode
assembly having a first inner electrode, a second inner
clectrode, and an outer electrode and configured to 1ni1-
tiate shockwaves at two circumierentially opposite loca-
tions.

9. The system of claim 8, further comprising;:

a fifth electrode assembly at a fifth location along the length
of the elongate member, the fifth electrode assembly
having a first inner electrode, a second inner electrode,
and an outer electrode and configured to 1nitiate shock-
waves at two circumierentially opposite locations.

10. The system of claim 9, further comprising a voltage
pulse generator having first, second, and third channels, and a
return connector, and wherein the first channel 1s selectively
connectable to the first electrode assembly, the second chan-
nel 1s selectively connectable to the third electrode assembly,
the third channel 1s selectively connectable to the fourth elec-
trode assembly, and the return connector 1s connected to the
second, third, and fifth electrode assemblies.

11. The system of claim 9, wherein the second 1nner elec-
trode of the first electrode assembly 1s connected to the first
iner electrode of the second electrode assembly, the second
inner electrode of the fourth electrode assembly 1s connected
to the first inner electrode of the fifth electrode assembly, and
the second 1nner electrodes of the second, third, and fifth
clectrode assemblies are connected.

12. The system of claim 11, wherein when the balloon 1s
filled with the conductive fluid and a voltage 1s applied across
the first and second inner electrodes of the third electrode
assembly, a current flows from the first inner electrode to the
outer electrode to the second inner electrode of the third
clectrode assembly such that a pair of shockwaves 1s gener-
ated at the two circumierentially opposite locations of the
third electrode assembly.

13. The system of claim 11, wherein when the balloon 1s
f1lled with the conductive fluid and a voltage 1s applied across
the first inner electrode of the fourth electrode assembly and
the second 1nner electrode of the fifth electrode assembly, a
current flows from the first inner electrode to the outer elec-
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trode to the second inner electrode of the fourth electrode
assembly to the first inner electrode to the outer electrode to
the second inner electrode of the fifth electrode assembly
such that a first pair of shockwaves 1s generated at the two
circumierentially opposite locations of the fourth electrode
assembly and second pair of shockwaves 1s generated at the
two circumierentially opposite locations of the fifth electrode
assembly.

14. A system for generating shockwaves comprising:

an axially extending elongate member;

a balloon surrounding a portion of the elongate member,
said balloon being fillable with a conductive fluid;

a first electrode assembly at a first location along the length
of the elongate member, the first electrode assembly
having a first inner electrode, a second inner electrode,
and an outer electrode and configured to 1nitiate shock-
waves at two different locations;

a second electrode assembly at a second location along the
length of the elongate member, the second electrode
assembly having a first inner electrode, a second inner
clectrode, and an outer electrode and configured to 1ni-
tiate shockwaves at two different locations, wherein said
first and second electrode assemblies are connected 1n
series;

a third electrode assembly at a third location along the
length of the eclongate member, the third electrode
assembly having a first inner electrode, a second 1nner
clectrode, and an outer electrode and configured to 1ni-
tiate shockwaves at two different locations;

a fourth electrode assembly at a fourth location along the
length of the elongate member, the fourth electrode
assembly having a first inner electrode, a second inner
clectrode, and an outer electrode and configured to 1ni1-
tiate shockwaves at two different locations, wherein said
third and fourth electrode assemblies are connected in
series; and

a voltage pulse generator having first and second channels
and a return connector, and wherein the first channel 1s
selectively connectable to the first electrode assembly
and the second channel 1s selectively connectable to the
third electrode assembly, and the return connector 1s
connected to the second and fourth electrode assemblies
and configured to selectively energize one of the first and
second serially connected electrode assemblies and the
third and fourth serially connected electrode assemblies.

15. The system of claim 14, wherein the second inner

clectrode of the first electrode assembly 1s connected to the
first inner electrode of the second electrode assembly and the
second 1ner electrode of the third electrode assembly 1s
connected to the first inner electrode of the fourth electrode
assembly, and the second inner electrodes of the second and
tourth electrode assemblies are connected to the return con-
nector.

16. The system of claim 15 further comprising:

a fifth electrode assembly at a fifth location along the length
of the elongate member, the fifth electrode assembly
having a first inner electrode, a second inner electrode,
and an outer electrode and configured to 1nitiate shock-
waves at two different locations and wherein the voltage
pulse generator includes a third channel selectively con-
nectable to the fifth electrode assembly.
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